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Abstract

While the extent of grasslands in Southern Ontario has been greatly reduced, urban and suburban
areas provide numerous potential sites for their restoration. Grassland restoration in cities can provide
ecological and cultural benefits, but soil conditions may be less than optimal for native species
recovery. This thesis explores the use of soil amendments in order to address nutrient deficiency on
old-field meadow restoration sites. Five treatments were tested, namely the addition of (1)
nitrogenous fertilizer, (2) native legume species, (3) biochar, (4) a combination of the previous three,
and (5) an unaltered control. Each treatment was replicated four times on two different test plots in
Waterloo Region, Ontario, Canada (Huron Natural Area and Springbank Farm), for a total of 40
subplots. The experimental plots were tilled in the fall of 2011, a randomly selected treatment was
applied to each subplot, and then all were seeded with a mix of five native meadow species (2 grass, 2
forb, 1 sedge). Soil samples were taken from each subplot both before treatment application and also
at the end of the growing season in 2012, and tested for nutrient levels (N, P, K), pH and organic
matter. Species richness, as well as soil temperature and moisture, were regularly monitored over the
growing season. In the fall of 2012, above-ground vegetation was harvested to assess accrued
biomass. In order to detect differences in means, results were tested using one-way and repeated-
measures ANOV As, where appropriate. Pearson’s product-moment correlations were also employed
to test for linear dependence between variables.

There were no significant differences between treatments in terms of soil nutrients or pH at either site.
At Huron Natural Area, post-treatment biochar-treated subplots had slightly higher levels of organic
matter than controls (p=0.095). Values for species richness, above-ground biomass, soil temperature
and soil moisture did not vary significantly between treatments. Species richness at Huron Natural
Area was positively correlated with 2011 N (»=0.42; p=0.07) and organic matter (r=0.52; p=0.02)
levels, while at Springbank Farm it was negatively correlated with 2012 N levels (»=-0.67; p<0.001).
Above-ground biomass at Huron Natural Area was positively correlated with 2011 and 2012 P levels
(both r=0.52; p=0.02), while at Springbank Farm it was positively correlated with 2011 N, P, K and
organic matter, and 2012 N, P and K (all »>0.44; p<0.05). At Huron Natural Area, above-ground
biomass was negatively correlated with soil temperature (r=-0.64; p<0.0001) and positively
correlated with soil moisture (r=0.38; p=0.1). This study uncovered a strong, but variable,
relationship between N concentration and species richness in old-field meadows. Furthermore,
productivity was tightly correlated with different soil nutrient concentrations at each study site. The
results demonstrate the need for restoration approaches to address local soil conditions on order to be
effective. To date, there have been very few studies on meadow restoration, particularly in North
America. More, and longer-term, multivariate studies are needed in order to test the effectiveness of
different techniques.
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Chapter 1

Introduc tion

1.1 Introduction

Conservation efforts have long focused on preserving the biodiversity of tracts of wilderness
relatively free from human influence. The hope was that by protecting these pristine areas, people
would be able to enjoy their scenery and species for perpetuity. As anthropogenic activities
increasingly stretch to the furthest reaches of the globe, there has been a realization that such pristine
areas are too few and far between, too small, and not adequately representative of the world’s
ecosystems to prevent the irreversible loss of species and ecosystem function (Newmark, 1987; Soulé
and Terborgh, 1999). There is a pressing need to complement such traditional approaches with the
conservation and restoration of natural landscapes in human-settled areas, whose expansion, often in
ecologically significant areas, is a prevailing source of land-use change worldwide (Harris, 2010;
Miller & Hobbs, 2002; Rudd, Vala & Schaefer, 2002). Indeed, the Convention for Biological
Diversity’s new strategic plan, arising from the Nagoya Conference in 2010, has among its targets not
only to eliminate the loss of all natural habitats, but also to restore at least 15% of all degraded
ecosystems (Rey Benayas & Bullock, 2012).

Restoration in urban and suburban areas can be fraught with difficulties: natural areas are isolated
in expanses of asphalt, concrete and lawn; fast-moving and polluted stormwater can have detrimental
impacts on waterways and wetlands; elevated levels of nutrients, heavy metals and toxic chemicals
damage the soils (Craul, 1992). Despite these and other impediments, urban restoration has benefitted
from the proximity to centres of learning, the existence of large pools of volunteer labour and the
availability of funding (Ingram, 2008). Urban restoration is necessary for the promotion of landscape
connectivity and numerous indispensible ecosystem services, such as flood control, temperature
moderation, air purification and the protection of groundwater sources (Forman, 2008; Pavao-
Zuckerman, 2008). It also has the potential to engender psychological wellbeing, greater social
inclusion and environmental justice (Light & Higgs, 1995; Newman, 2003; Harris, 2010). Indeed, it
has been suggested that urban ecological restoration is the key to a new “communion” between our
species and the natural world (Jordan, 2003).

Any restoration project must take into consideration the history of the site to be restored. In
urban areas, these histories can be formidably complex, adding layers of difficulty to both the
planning and the execution of restoration projects (Craul, 1992). The “ecological memory" of such
sites will have been lost to an extent, through the removal of the topsoil and its associated seed-bank,
as well as changes in hydrology and nutrient cycling (Schaefer, 2009). While in denser urban areas,
the ecosystems of sites to be restored may be entirely novel (Hobbs et al., 2013), as one moves
towards the outskirts of cities they may increasingly resemble “traditional” successional landscapes,
such as those seen on abandoned agricultural fields (Cramer, Hobbs & Standish, 2008).

Peri-urban and urban sites are increasingly becoming available for ecological restoration
projects, as the trend of agricultural land abandonment continues to accelerate worldwide (see section



2.2.3;Cramer, Hobbs & StandisB008) It will be important to integrate natural areas into the fabric

of growing urban areafirough the opportunistic restoration of derelict sites, abandoned fields, lawns
and archiéctural elements, such as green roofs and walthe American Orust beltBere has been

a movement towarddshrinkingeities), as population levels drop and the cost of maintaining
infrastructure becomes prohilvié. Ecological resiration, given itselative costeffectiveness and the
many benefits itan provideis being considered as one of the options for these newly available
acreagegLaCroix, 2010) Indeed, as the concepts of resilience and green infrastriicima the

links between ther®gain mainstream traction, cities are including major restoratioegisojnto

their long term planningMiller, 2013)

The ecosystems obathern Ontario are the madiverse in the province, but they are also the
most fragmented and degraded. The decline of the extent of grasslands in this region is remarkable:
more tha 97% of tallgrass prairie and 99% of savannahs have been lost to agricultural and urban
development, and dozens of species have been extiffiekdwsky & Riley, 1994; Bell &

DeMarco, 1999; Fabdrangendoen & Maycock, 1992k cologicalrestoration in this part of the
province is crucial in order to provide adequate habitat for plant and wildlife species. Mgadows
fertile, earlysuccessional grasslandse important habitats for many species of wildflowers, birds
and pollinating insds, many of which are provincially and even nationally rare. In this region,
meadows are generally located in abandoned fields that are transitioning towards either protection
(and possible reforestation) or developm@tilne & Bennett, 2007)

While old-fields do provide crucial habitat for meadow spediesir soil conditions can be
less than optimdior the establishment of a divemsativeplant communitylt is crucial to address
soil biotic and abiotic conditions when planning to restore a stegsction 2.2.2; Bradshaw, 1997
Altered or depleted seed banks or soil faunal communities are biotic factors that can favour invasive
exotic species and hamper the establishment of desiissionacosystemwhile mompaction,
nutrient excess ateficiency and altered hydrology abiotic factors that can have the same effect
(Cramer, 2007Kardol, Bezeme& Van Der Putten, 2009)

Depending on the conditions of the site as well as those of its surroundirugdd-fifd may
adopt any number of trajectories following abandonment, including reverting to its previous OnaturalO
state or transitioning to any numh#rnovel stategSuding & Hobbs, 2009)n some cases,
especially when abiotic thresholds have been crossed, soil amendments can be usedetowards
establishinghe conditions that will allow the recovery @fdesired plantommunity orold-fields
(Cramer et al., 2008; Harris, 2009he use of soil aendments in the restoration of grasslands is
informed by their use in agriculture: in th@ntext, products like mineral fertilizers, compost, manure
and lime are used &nrich the soil or alter its acidifffhompson &Troeh, 1973). In restoration, the
goal is toattain the optimal soil conditions for the ecosystem of intéasfact, the goain many
caseds to reverse a siteOs agricultural legécynultitude of products have been tested in the field:
fertilizers, legume plants and sewage sludge can all boost site fefiligrZs, 1999; Dancer,

Handley, & Bradshaw, 1977b, 1979; Foster & Gross, 198Bile sugar or sawdust immobilize
excess nutrient@lumentha) Jordan & Russel|l2003) Mycorrhyzal inoculatiothas showna@me
positive effects on plant community establishm@&igcher et al., 20E). Biocharbfinely powdered
pyrolized organic materi&is gaining in popularity in the agricultural setting for its positive effects
on water retention, ntént cycling(Sohi et al., 2009and soil biotaincluding symbiotic mycorrhizae



(Lehmann et al., 2011¥%ignificant increases in crop yield are freqiiergportedin agricultural
settings(Lehmann& Joseph2009). The use of biochar has not been extensively tested in the context
of ecological restoration, but one experiment indicated positive effects on native plants establishment
on exarable fields dominated by nerative speciefKulmatiski, 2011) possibly thanks to eapacity

to inhibit allelopathyby sequestering allelochemicals

In my research | investigate tledfectsof threepromisingsoil amendmentgshat target
nutrient deficiencyin a restoration contexhamely 1) the application of chemical fertilizers, 2) the
establishment of native legume species @nthe addition of biochar, independently and in
combinationon physcal andchemical soil propeks, as well as plant establishment.

1.2 Problem statement

Restoration projects in cities often focus mainly on a siteOs flora, aiming to eradicate exotic invasive
species in order to then-establish native plant communities. Such approaches are oftésctnef

as they disregard the soil conditions that can lead to a competitive imbalance between native and
invasive plants. Evidence suggests that adopting an integrative approactdtbases soil conditions
could be more successf{lli & Norland, 2001; Pava@uckerman, 2008)ndeed, Bradshaw (1997)
suggests that Othe first problem to be addressed in restoration is the way in which the restoration of
the soil is to be tackled.O Soils in urban areas are variable and atsgtitgmisturbed Craul, 1992

de Kimpe and Morel, 20QBHeneghan et al., 2008)

Many decades of research into the dynamiadafields, which has informed succession
theory and the field of restoration ecology to a great degeseonstrate that when nutrient and water
cycles are permanently altered and natural vegetation in the surrounding landscape is highly
fragmented, historical plant communities are unlikely to rec(@eamer, Hobbs & Standis2008)

For fields in an urban or peurban setting, thlegacyof cultivation or industriahkctivity on the land
is likely to be compounded by biotic and abiotic stresses inherent to their immediate environs.

There are a multitude of benefits to conducting ecological restoration in an urban seging (
sedions 1.0and 2.2.3 Historical and recent research demonstrates that soil amendments are
importan tools for use in restoratigiarris, 2009) and the usef biochar in particular has
implications which stretch into the realms of climate change science and global ecorantics
known to act as an effective carbon sequestration(t@bimann& Joseph2009. My research sits at
theintersectionof the fields of restoration ecology, urban ecology and soil scigeeeSection 1)5
There is a sense of urgency inherent to the field of restoration ecology given its direct relevance
towards practical applicatip which is compounded when the work is conducted in areas where it
stands to benefit large numbers of people. Important gaps still exist in the literature regarding the
practical application and comparative utility of different soil amendmiaritee esthlishment of
native vegetation specieshis is the problem that this experiment will addmissctly, within the
restrictionsinherent toits duration, breadth and context.



1.3 Reasoning for treatment selection

A preliminary study by Murphy et al. (2010) indicated that soils in the Huron Natural Area meadow
might be nitrogen deficient. On the assumption that soil conditions would be similar at both field
sites, it was decided that the same treatments would be replicated at both sites. Treatments were
selected that would be expected to increase soil nitrogen concentration or availability, by different
mechanisms. They were limited to four in number for the practical reasons of limited space and
manpower.

¥ Chemical fertilizer: This treatment increases soil nitrogen concentration by providing it
directly in plant available form (ammonium sulphate and urea). Soil nitrogen concentration
at Huron Natural Area was ~12 kg/ha in 2010 (Murphy, unpublished), and ideal
concentration in a temperate meadow ecosystem is ~80 kg/ha (Bradshaw, 1992). The
quantity of fertilizer that would provide ~68 kg/ha per subplot was therefore computed (see
Section 3.3).

¥ Native legume planting:This treatment should increase soil nitrogen concentration
through the process of atmospheric fixation. Symbiotic bacteria in legume root nodules can
fix between 50-200 kg N/ha/year, although this figure is variable and dependent on species,
plant age, soil conditions and weather (Bradshaw, 2002). Lupinus perennig.. and
Astragalus canadensls. were selected as species appropriate to the biome, and treated
with genus-appropriate rhizobia.

¥ Biochar: This treatment does not directly add nitrogen to the soil, but there is evidence that
it can alter nitrogen retention and use-efficiency. It is has a complex pore structure and
high surface area, and has been shown to alter soil cation exchange capacity (Sohi et al.,
2009). The adsorption of ammonium ions by biochar would not prevent plant acquisition,
but would greatly mitigate leaching loss. Another mechanism whereby biochar could
prevent leaching loss is by increasing soil water retention, due to its small pore size.
Increased nutrient cycling has also been reported in a number of studies (Sohi et al., 2009).

¥ Combination treatment: Theoretically, the combination treatment ought to increase
nitrogen concentration in the treated subplots by the greatest amount. The one-time influx
of chemical fertilizer would be supplemented by the gradual accretion of the legume plants.
Furthermore, as mentioned above, biochar could prevent some leaching, and promote
nutrient cycling.

1.4 Research Question and Objectives

1.4.1 Major question

Can soil treatments that increase nitrogen concentration or availability contribute to meadow
restoration on nitrogen-limited old-field meadows in an urban context in Southern Ontario?



1.4.2 Supporting objectives

To quantify and compare the effects of nitrogen (N) addition, native legume planting and
biochar application in terms of indicators of plant establishment.

To compare the combined effects of N addition, native legume planting and biochar
application against each treatment individually.

To assess soil physical, chemical and biological factors prior to treatment application as well
as after one growing season.

To produce results that will inform restoration methodology both on site and in similar
ecosystems.

1.5 Hypotheses

H1: If the amount of biochar added is sufficient to override local variability, then biochar
and/or combination plots will have significantlyghier organic matter than controls.

H2: If nitrogen provided by chemical fertilizer stimulates plant growth, #d@mveground
biomass in fertilizer and combination subplots willdignificantly higher than in controls.

H3: If nitrogen fixed by native legume plaritssufficient to stimulat@lant growth, then
abovegroundbiomass inegumeand combination subplots will lsgnificantly higher than
in controls.

H4: If biocharincreaseplantavailablenitrogen thenaboveground biomass irbiocharand
combination subplots will bsignificantly higher than in controls

H5: If the treatments are more effective in concert than individually, then combination plots
will have significantly higher abovground biomass than subplotsdted with any individual
treatment.

H4: If increased plant productivity leads to increased igpe&rcies competition, then subplots
with higher biomass levels will be significantly negatively correlated with species richness.

H5: If biochartreated soifetains a greater amount of moisture than untreatediser
biochar and combination plots will have significantly higher average soil moisture than
controls.

1.6 Conceptual Framework

The field of restoration has evolved into a strong academic field ogqratt two decades, attracting
everincreasing levels of basic research and peeiewed publication, thanks to a long legacy of
insight from a variety of fields, including erosion control, reforestation and habitat and range
improvemen{Young, Petesen& Clary, 2005) Restoration is inherently an interdisciplinary field.
Undoubtedly, a great contribution to its knowledge base has been the integration of established



ecological concepts. It is viewed by some academics as an “acid test” of our ecological
understanding, a sounding board on which to assess our grasp of the structure and function of
ecosystems (Bradshaw, 1987; Bradshaw, 1996). Beyond classic ecological science, restoration theory
can, and indeed must, be supplemented by any number of other scientific disciplines (such as botany,
wildlife biology and soil science), depending on the context of the work being done. It has also been
argued that the field of restoration must also draw heavily from the humanities, politics, philosophy
and traditional ecological knowledge in order to be capable of leaving a durable and positive legacy
(Light & Higgs, 1995).

Inasmuch as it constitutes “typical” modern scientific investigation (concerned with
hypothesis testing, analysis, etc.), my project falls within the boundaries of restoration ecology, as
opposed to the broader field of ecological restoration (sensu Higgs, 1994). Given that [ am largely
concerned with the response of plant communities to soil conditions, it follows that I should borrow
extensively from the theory and methodology of soil science (see Thompson and Troeh, 1973; White,
2006). As well, urban ecology provides an important contextual background to my work. I therefore
propose that my research lies at the intersection of the fields of restoration ecology and soil science,
and within the theoretical framework of urban ecology.

There are of course some important assumptions inherent to this research. The most important ones
are:

That the restoration of meadows is possible, at least to a certain extent (see Young, 2000).

That addressing the soil conditions is an important first step in restoration (informed by
Bradshaw, 1997).

¥ That the environmental effects of urban regions extend into relatively large urban natural
areas.

¥ That studying a small subset of meadow species over a short period of time will produce
relevant and useful data.

A variation of the first assumption is applicable to many if not most restoration experiments, and
has been discussed in depth elsewhere (see Hilderbrand, Watts & Randle, 2005). It underlies much of
the field of restoration ecology.



Chapter 2

Review of the Literature

2.1 Restoration ecology: an overview

In the early day®sf restoration ecology as an academic discipline, its major underlying principle was
to return an ecosystem to some original stBtadshaw, 1996)Then as now, this fixation on a
historical (and seemingly static) ideal was contentious, and there has been a movement towards
recalibrating the criteria of successful restoration towardee flexible and¢ontextdependenbnes

(Choi, 2007Hobbs & Harris, 2001)Iin any case, there is agreement that restoration consisis of t
transformation of a degraded atesvards a relatively improvestate(Hobbs &Norton, 1996)

Clearly, any active restoration attempt will involve some element of human intervention and
judgment As such, some scientists haerused restorationists of interfering with some
unadulterated form of natufeee Higgs, 2005)

Restoration has long been informed by succession theory, amdsbasgnificantly
contributed to the development of that branch of eco{dgung et al., 2005see section 2.2). As
our understanding of ecosystem dynamics has evolved from a linear view to one more modulated by
the fluxes inherent to complex syste(ase Francis, 2005, for reviewgstoration scientists have
taken note. Sudin@Suding, Gres, & Houseman, 2004; Suding & Hobbs, 20083 provided elegant
reviews of the relevance of complex systems theory to our discipline.

Restoration ecologwas, until recentlygdominated by a ObotteapO understaing of
ecological processeddt is to saythe belief that ecosystems are driven bgcassion in plant
communities. Concomitantly, meh of the research in the field of restoration was concerned with the
developmenbf a vegetative communitgn contaminatear QlerelicOplots (SoulZ& Terborgh,

1999. Indeed, my own research fits neatly wntkhis paradigm. Meanwhile, the field of conservation
shifted its interest from spatially delimited protected areas to broad landseapprocessesuch as
migration and gene flowas scientis came to the realization that some speaigsopulationsvould
inevitaldy go extinctif they remairedisolated. As the utility of link betweercore habitats became
recognized, th@eed to restore corridoos relatively large scales became obvifBsier & Noss,

1998 Noss, 1987)especially in the face of ranghiftsdue toclimate changéGilbertNorton et al.,
2010) As thesizeof restoration projects increased dramatically aibidity for wildlife speciedo act

as agents of restoratiam a regional scaleegan to be investigateshd demonstratgbriffiths et al,
2011; Ripple et al, 2010Truettet al, 2001) This new OtopdownO restoration paradigm has come to
the fore inmanylargescale estoration projects, such asvilling endeavours and large mammal re
introductions Restoration science will continue benefit from an evebroadening range of
experimentation and theoretical input.

There is an important history of contributions to restoration science from a variety of other
fields, from closely related conservation biology and popuiagicology to thenore farflung social
sciences and indigenous studiPsemont & Martin, 2009; Higs, 2005; Newman, 2008hackelford



et al., 2013Young, 2000) There has been some debate regarding the relative importancentifiscie
rigour versus broad intéisciplinarity to the field of restoratio(Cabin, 2007; Giardina et al., 2007)
This underlies the supposdiVision between an experimental field of restoration ecology and the
more holistic, applied ecological restoratidfy work, being of experimental natyreertainly adopts
the view that methodological exactitude is crucial to the advancement of knowlédgés not to

say, however that experimental restoration research cannot be infoemédomplementeboth
theoretically angracticallyby other disglines.

2.2 Soil science and restoration

Much of the early work that contributed directly to the field of restoration was conducted on the
reclamation of OderelictO land such as mining spwilé\nthony Bradshaw recognized thasic
connection between sajuality and the success of plantings on disturbed land, and he went on to
become one of the founders of the nascent field of restoration ecblegyllaborated witlancer

etal (1977a, 1977b, 1979 conductinga series of expaments on the accumulation of nitrogen in a
colliery in Cornwall, Southwest England, through natural processes, the contribution of forage
legumes, or the addition of soil amendments (chemical and organic fertilizers). The results of this
series of expements, as well as a subsequent publicatiefferies, Willsor& Bradshaw, 1981)
indicated that the establishment of a community of leguminous ptagtg be the most efficient (in
terms of time, cost and effort) methodology to accumulate faleatable nitrogen in nitrogen

deficient sites. This work demonstrates the important link between soil conditions and the success of
revegetation, as well as the possibility of human intervention in the process.

Bradshaw(1997)underlined the necessity of restoration scientists ardippoaershavingan
understanding of soil processdéthe soil at a damaged site is relatively undisturbed, a site can
generally recover relatively easily, especially if the seed bank is intact. However if the soil is heavily
altered, then without inteention a site could take years to establish primary colonists and several
decades for any soil processes to recover. Hanselwata@&#) ook this research further by
describingthe relevance of sorhicroorganisms (and mycorrhizalrfgi in particular) o restoration
ecology.

In the intervening years, much of the research on the role of soil processes in restoration has
focused on physical and chemical, rather than biological, aspects of the soil, the major focus being on
nutrient level recovery or redtien (Blumentha) Jordan & Russell&2003;Cramer Hobbs &

Standish 2008, prerestoration site assessment and the evaluation of specific soil amendments
(Callaham, Rhoade& Heneghan, 2008 Henegharet al.(2008)emphasize that it is important to

take aholistic view of soil processdshat they ternGoil ecological knowledd®) in order to

adequately inform restoration practiceh#is been noted, for example, that exotic plants alter the
structure and function of microbial communities in the @durtev, Ehrenfeld& HSggblom, 2002)

In recent years there has been a push to incorporate the study of microbial communities in restoration
ecology, both as indicators of restoration suc¢ksglierdoet al, 2005; Kardol, Bezemé&rVan Der

Putten, 2009and as active agents in ecosystem recoftgayris, 2009)

Biochar is a soil amendment that may have a role in promoting microbial activity and
assisting in ecosystem recovery. It is a fine powder of pyrolyzedted in the absence of oxygen)



organic material, which has been used successfully as an agricultural soil additive for decades or
centuries in some regions, and is garnering increasing international attention for its potential as a
agent of carbon sequestration (Lehmann & Joseph, 2009). The input materials and the process of
producing biochar can vary widely, as can its effects on soil characteristics. In terms of physical and
chemical properties, biochar has frequently been observed to increase soil pH, increase cation
exchange capacity, increase water-holding capacity, and decrease soil bulk density (Warnock et al.,
2007). A recent study successfully employed activated carbon, which is comparable to biochar
(Lehmann & Joseph, 2009), as a restoration tool in old-fields and suggested that its ability to
sequester allelochemicals released by invasive plants might be an important mechanism in promoting
native plant growth (Kulmatiski, 2011). There has been consistent evidence demonstrating that
biochar affects soil biotic communities. It has been shown to increase bacterial activity and
populations, as well as root colonization by symbiotic mycorrhizae, by providing micro-refugia from
predation (Lehmann et al., 2011).

2.3 Ecological r estoration in cities and the problem of urban soils

Conservation efforts have long focused solely on large swaths of land in rural areas (Harris, 2010;
Ingram, 2008; Miller & Hobbs, 2002). There are a number of compelling ecological, economic,
educational and recreational arguments to greatly increase our efforts in urban centres, and to
combine the preservation of natural land with ecosystem restoration. There are also great challenges
to working in cities, notably highly disturbed soil properties and processes (de Kimpe and Morel,
2000), which, if not explicitly addressed, can lead to difficulties for attempted restoration projects
(Pavao-Zuckerman, 2008).

Small-scale “green infrastructure” (GI) projects can profit urban areas, for example by
helping to attenuate the heat-island effect, or by providing opportunities for citizen engagement in
nature (Forman, 2008; Standish et al., 2012). Larger-scale GI projects are becoming increasingly
common in and around cities worldwide, as the ability for natural areas to provide necessary
ecosystem services, such as aquifer recharge or wastewater purification, is recognized by planning
agencies. In many cases, the initial costs of GI projects are smaller than those of traditional
infrastructure projects, maintenance costs are low, and tangential benefits (eg. recreation, wildlife
habitat) are important (Foster, Lowe & Winkelman, 2011).

The vulnerability of some urban areas to natural calamities has been all-too-clearly exposed
in recent years, as has the role of human-mediated habitat destruction in exacerbating the process
(Day et al., 2007). In response, some truly pharaonic ecosystem restoration programs are being
implemented. Louisiana’s $50-billion, 1500-project, master plan hopes to reverse the state’s loss of
coastal wetlands and barrier islands (CPRAL, 2012), while up to $10-billion will be invested into
restoring hundreds of coastal features in New York’s Hudson-Raritan estuary (USACE, 2009). Other
massive restoration projects have been initiated in Florida’s Everglade ecosystem and San Francisco
Bay. Ecological restoration is increasingly seen as a solution towards boosting resilience in the face
of increasingly rapid global environmental change (Suding, 2011).

Conducting wetland restorations in urban areas can be marred by layers of complexity, due to
the properties of urban ecosystems, which have been altered by anthropogenic influence (Ingram,



2008) Many ofthese same facets of the urban environment cause parallel issues in terrestrial
ecosystemssuch asfor example: pollution, altered drainage patterns, the heat island effect and
invasive exotic species. The s@ilanaspect of urban environments thatjletalso affecting aquatic
systems, disproportionally affects terrestrial ones.

There are few publications describing the distinct properties of urban soils as compared to
rural soils. This is partly due to the great variability of soils in general drahisoils in particular,
which makes generalization quite difficult; the remainder of the equation comes down to a gap in the
academic research. Pouyat et 8895 described variation in soil properties along a rurdlan
gradient along a 130km transeciginating in New York City. They noted trends towards increasing
heavy metal and salt concentrations, higher temperature, higher levels of organic matter and total
nitrogen as well as elevated earthworm populations (especially invasive exotic spedies)
decreasing pH, fungal populationdgmmycophagous invertebrates) in urban areas. It stands to
reason that these trends will vary depending on the land use patterns and the geophysical
characteristics under scrutifipr example see Biasioli, BarbedsAjmone-Marsan, 2006)There
are, however, some general patterns that emerge in soils across urbaGrandad §92:

1. Great vertical and spatial variability

. Madified soil structure leading to congtian

. Presence of a (usually hydrophobic) surface crust on bare soil
. Modified pH, usually elevated

. Restricted aeration and water drainage

. Interrupted nutrient cycling and modified soil organism population and activity

N OO 0o b~ WwN

. Presence of anthropeitaterials and other contaminants
8. Highly modified soil temperature regimes.

A siteOs history, soil properties, seed bank, mycorrhizae and other remnants (collectively termed
Osoilecological memor§) all have lasting effects on an eventual replacementuanity or
ecosystem which may take hold following disturba(ehaefer, 2009)This is especially poignant in
cities, where repeated disturbance and resilient invasive species can enaiskdty of a site.
Without active restoration, it is unlikely that many urban sitesreilirnto their former natural
states: novel ecosystems are likely to be forgsethaefer, 2009)

For a variety of reasor(such as their location near rivers and estuatieshan settlement is
disproportionately located in regions of globally important biodivesitjler & Hobbs, 2®2; Rudd
et al., 2002)Some cities (eg. Perth, Cape Town), built in regions identified as global biodiversity
hotspots, may be carrying a particularly high extinction debt. Intervemayplay an important role
in mitigating the future loss of spesim those areaéStandish et al., 2012Y et the academic
literature is now rife with heady debate as to thie or not restoration is appropriate in many areas,
especially in the light of possible sustained climate chéHgeris et al2006; Jackson & Hobbs,
2009) Given limited resources, is it worthwhile to invest ircreating historic species assemblages
if there is no guaranted success®s it best to adopt a new paradigm centred on promoting
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ewmsystem function and resilien¢ghackelford et al., 2013)n anycaseit is likely thatrestoration
work, of some from or othewyill continue to increase in cities, for reasons driven both by
sentimentalityandsciencgHarris, 2010) The meadowfor instanceis one threateed ecosystem that
we are not ready to dispense with just (&rdol, Bezemeg& Van Der Putten2009)

2.4 Old field s

The history of abandoned cultivated land is ag las that of agriculture itself. While the effects of
cultivation might essentially disappear in a matter of decades in some areas, in others they can alter
the ecology of the land indefinitelfpéle & Carter, 1956 For a number of ecological, economic,

cultural and demographic reasons, the trend of farmland abandonment has been acaslpidiiing

in recent years (see Figure 1). Whether this trend is troubling or promising depends on oneOs
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Figure 1: Estimated areaof abandoned cropland, worldwide, between 1700 and 1990.
With permission from Hobbs and Cramer (2007). They note that there are very few
sources compiling this data on a global scale.

perspective, but there is no doubt that it has greatly contributad tmmderstanding of ecological
processes. Succession ecologists have greatly informed their theory througgriomdpservations

of old-fields (Young, Chas& Huddleston, 2001)Abandoned farmland also offers an otherwise
unavailable canvas for the testing of basic ecological thigtuiperty, Gros& Miller, 1998).
Rejminek and Van KatwykR(05 calledold-fields the Drosophilaof terrestrial ecologyO (Setp://
botanika.bf.jcu.cz/suspa/pdf/BiblioOF.pftir a comprehensive bibliography afl-field literaturs.
Insights from those disciplines a&ll as more recent experimental investigation have greatly
contributed to the theoretical foundatsoof restoration ecology. It is likely that restoration scientists
and practitioners will now play a major role in the management of abandoned farmlddwider

(cf. Navarro &Pereira, 2012; Proenea, HonrafldPereira, 2012)

There is debate in the literature asvtoether predictable (succession theory) or stochastic
(community assembly theory) forces dominate the process of ecosystem formation or recovery. The
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former situation would lead to a stable OclimaxO state, while the latter, to one of a number of
alternatve climax states. Young, Chase atdddleston2001)note that both thwies are relevant to
restoration ecology in that each one describes patterns observed in natural ecosystems, and suggest
that ecosystem type and geophysical context might be the predominant factors in determining which
model is most relevant to a partiaukituation. Indeed, in a synthesis of tié-field literature,

Cramer, Hobbs and Standi&008)were able to describe some broad trends that illustrate both
theories. They propose that if no biotic or abiotic thresholds are crossed, a fieddyisdiketurn to

its former vegetation cover with minimal intervention. However, if biotic (eg. depleted seed bank)
and/or abiotic (eg. nutrient excess or deficiency) thresholds are crossed, it is likely that a field will
attain an alternate stable statedevelop a novel ecosystem form, if no active restoration management
is implemented. They emphasize the relevance of context, such as the proximity of sources of seed
dispersal, topography and climate, in the process of ecosystem re(Oxamer, Hobbs & Standish

2008)

Abandmed farmland in Eastern North America, and other temperate zones with deep soils
worldwide, tends to revert to forest cover within a few decades. Indeed the vast majority of forest
within this region is secondary growth on land that was once clearedtigatan (Hobbs &

Cramer, 200Y. The general pattern described by ecologists obseolihfields in Eastern North

America is the rapid establishment of annual forbs, including legumes, and grasses, followed in quick
succession, generally two to three ngedoy biennials. Perennial shrubs displace these species within
five to ten years, which in turn are outcompeted by trees in a matter of déidamilesrs, Pickett &
Cadenasso, 2002} has been suggested that the predictability of this sequence might be a reflection
of the adaptation of the flora to repeated disturbance, both in the form of recent glaciation and Native
American burning practic§€ramer, Hobbs & StandisR008) While this sequence lsroadly

applicable, some authors lepointed out that there é@nsiderable nuance both within and between
sites. Maycock and Guzikow@984)described arold-field that was still dominated by early

succession species more than fifty years after abandonment. They andEtheys& Gross, 2007;
Huberty, Gross & Milley 1998)emphasizéhat site history, among other local factovd| affect the

rate and identity of establishing species.

Studies orold-field vegetation in Southern Ontario have been surprisingly scant. In fact,
there is only ae published survey of this plant community, on a plot of abandoned farmland in
Erindale, ON(Maycock & Guzikowa, 1984and there have been no letggm experiments or
obsenations in the province to date. Maycock and Guzikowa found a total of 118 species, of which
61 had measurable cové&lymus repensVicia craccg andPoa pratetnsisvere major dominants,
followed by Solidago altissimaAlthough native species (52%) outnuendéd exotic ones (48%), the
made up only between 2ZB% of the ground cover. Murphy (2010, unpublished data) conducted a
vegetation and faunal survey at Huron Natural Area in Kitchener, ON (one of the field sites used in
this study; see section 3.1.1) iray12010. In MurphyOs survey, of 59 plant species identified, only 21
were native. The reason for the higher proportion of invasive species in the latter study could be the
shortertime frame since abandonmenfQ vs. 50 years). Meiners, Pickett and Cadseofg002) as
part of the BuelSmall Succession Study in New Jersey, observed that exotic species cover decreased
significantly in successional fields over 20 years of age. The tendenalgffields in many biomes
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to be dominated by exotic, often invasive plant species is well documented and is often cited as
rationale for active ecological restoratifirognetti et al., 2010)

2.5 Meadow ecology

A meadow is commonly defined as an open ecosystem dominated ooy vegetation such as
grasses, forbs anddges. Intemperatefertile zones worldwide, aneadowcan be understood as
representing the earliest succenaicstages in forest dynamiBsannual, biennial aneéventually
perennial norwoody plants colonizing an opening in the surrounding forest xaatatural agents of
disturbancdeg. lightningcaused fires, treefall due to windstorms or dise#iseding, ecosystem
engineering wildlife species, etcancreate a forest opening, in which a meadow will develtyese
are the classic disturbancesalissed in the gap dynamics literatupéckett and White, 1985
Alternatively, such disturbances can be wroughanthropogenic mearfeg. logging, clearing for
cultivation, etc.) Natural factors such as climate, edaphic conditions or intense herhiiginy
temporarily or indefinitely maintain a meadow at an early successional stageaddiiscanalsobe
accomplisheartificially, through livestoclgrazing, mowingandburning.In Europe there is a long
history of anthropogenic maintenance of meadows, especialhafture ohay production. Those
systems are valued for their féd and faunal biodiversity, but modemechanizedarming practes
have greatly reduced their extenedRration effortson that continenéim to renew or mimic thes
historic models of stewardshiphile rewilding projects reintroduce extirpated or extisatrogate
large mammal speciéblavarro & Pereira, 2012; Proenea et, £012)

The picture inEasternrNorth America and Southern Ontario specificallg,somewhat more
complex.Some fields are currently maintainfest pasture or hay productigMilne & Bennett,
2007) There is no doubt, however, that landscape openness has dramatically decreased in this region
since European settlement. Vast areas of praisieannaand meadow have succeeded into clesed
canopy forest (sometimes preceded by a period of use as cropland). This pattern has been attributed to
the demise of the traditional use of fire by native peofMesvacki & Abrams, 2008)The extent to
which fire was used to alter landscédpeel ecological process in the province, howetlias been
debatedRussell(1983)suggested that nativeausf fire was highly localized or accidental, and did
not affect vegetation patterns on a landscape s8akicz and MacDonald991)proposé that the
development of oak savanna in Southern Ontario, between 8000 and 4000 BP, may have been due to
climate change rather than anthropogenicvais. Their argument against anthropogenic
involvement, however, was centered upon the fact that the cultures known to inhabit the area at the
time were categorized as OhurgathererQand thus not inclined to altering their environment at a
large scad. There has been increasing evidence in other regions demonstrati®itmaegathererO
tribes in facttconductedegular and longterm manipulatiorthat caused cumulative and lasting effects
in plant associations, species composition and geneticuwatescthrough pruning, sowing, weeding,
tilling, selective harvesting, and most significantly, burnjAgderson & Moratto, 1996 here is
now substantialevidence in the literature that anthropogenic use officother forestlearing
methodshadlong-termimpacts orthe Southern Ontarian landscg@dark & Royall, 1995; Dey &
Guyette, 2000; Munoz & Gajewski, 20180d in comparable environmetiBorney & Dorney,
1989) though the scale of the influence is still uncl&urning woodlands improved the diiya of
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browse for wild game, increaséuk ease of hunting/ann, 200%, cleared fields for agriculturand
increased thgields of foraged foodéDey & Guyette, 2000)

The historic importance of anthropogenic disturbance in providibgdidor early
succession species gvaertainly highly significanfMunoz & Gajewski, 2010)In some North
American ecosystems, fiadapted species have already been(Mstvacki & Abrams, 2008)
Anderson(1996)proposes that land managers aim to preserve or restore ecosystems in a state
resembling their preontact structure and function, then they must recognize historical anthropogenic
effects and investigate the possibility of simulating some of these cultural practices

Clark and Royal(1995)also acknowledge that the reintroductioranthropogenic means of
stewardshipmight beimportant for the restoration o€rtain plant communities i8outhern Ontario,
and indeed this has been implemented on some properties (Thompson, personal communication
2012. It should be acknowledged that these practices might interfere with ottoeaties priorities,
such as the elimination efxotic orinvasive specieglognetti et al.2010) Some exotic species
thrive after periodic burning, and given that anthropogenic (native and European) burning continued
for some time after the introduction @dmeinvasivespecieg{Dey & Guyette, 200Q)that cultural
practice may have contributedttee expansion of their range. Integrating traditional ecological
knowledge and customs with modern scientific experimental methods wadhed our ability to
restore healthy and diverse ecosystéohe landscapes of Southern Ontario.

2.6 Restoring urban meadows

The vast majority of the meadow restoration literature originates from Western Europe, and this stems
from a long history of humalandscape interactions in that part of the contir{seé section 2.2.5)

and concerted efforts by the European Community to promote biodiversity in the agricultural
landscap€Berendseet al 1992 Smith et al., 2003)There, as in Eastern North Amerigad other

temperate zone$orb-dominated meadows are an early successional community within a patchwork

of temperate forest and are thus, by their very nature, ephemeral without cdectm®pogenic
management. Neviireless, maintained meadows, sometimes termed cultural meadows, can be highly
diverse anact ashabitat for a number of threatened and endauiggpecies. In southern Ontario,

cultural meadows are notable for their importance to &ivdl insecpopulations, but many are

transitioning either to development or reverting to forest c{Méne & Bennett, 2007)

The traditional conservation paradigm tended to view urban spaces, at best, as lost land
whose redeeming quality was to keep vast numkigreaple out of unblemished natural areas.
Increasingly, however, the value of urban natural habitat is being recognized by resd&wtie rst
al., 2002; Standish et al., 2012) number of taxa, inading rare and endangered species, rely on
remnants of native ecosystems, backyard habitat, and even novel ecosystems. Increasing the extent,
quality, and connectivity of urban green space will be crucial in sustaining these species in the long
term(Standish et al., 2012 he work of restoring meadows in cities has, to an extent, already begun.
NGOsand governmantshave programs in place promoting various forms of gardening whose aim it
is to promote biodiversity (native species gardening, wildtiendly gardening, pollinator gardens,
etc.;Goddard, Dougilk Benton, 2010)These privatend corporatgardens can be considered as
meadow habitat to the extent that they are-fimininated early successional systems. There has also
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been a movement towartisdscape naturalizatian urban parksincluding, in many cases the

restoration of rmadow habitafHandel, Sait& Takeuchi, 20.3). Restoring meagolws in urban areas

may hold some appeal to public land managers: they require little maintenance and provide aesthetic,
ecological, recreational and educational benefits. Increasing their extent threpgtimig,old-field
restoratim, and the conversion of lawn and other land of low ecological value will help reverse local
and global trends of grasslands loss. Researchhatecological value of urban green sptas

been scant, due their historic perception as depauperate syatehwifficulty of accesewing to

fragmented ownship. Yet as awareness of these areas€ervatiorpotentialincreasesacademics,
planners and policymakers are increasingly collaborating to maximize their(@dddard, Dougill

& Benton, 2010; Rudd, Vala & Schaef@002)

There is increasing recognition in the literature of the importance of addressing soil factors in
the process of meadow tesation. Topsoil translocation has been assessed for its potential to
conserve entire plant communiti@&Zcrin & Muller, 2003)and turf transplantation has demonstrated
similar promisgPywell, Webb& Putwain, 1995) Smithet al.(2003)teded a variety of management
techniques and soil additives and concluded that seed sowing was correlated with increased plant
diversity while mineral fertilizer or farmyard manure application was not. Changes in the soil
microbial communities linked with ghgrowth of legume species may be important for Jemm
increases in plant diversifgmith et al., 2008)Compost ameliorant may assist in the early
germination of desired plant species, but in the long term it provides a substrate prone to invasion by
competitive speciefCarrington & Diaz, 2011)As discussed above, activated carbon ochlao may
constitute a superior soil additive aitd-field habitats because it does not directly provide available
nutrients, but it can enhance bacterial populations and mycorrhizal root colonization, as well as
sequestering allelochemicglsulmatiski, 2011)
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Chapter 3
Methodological Approach

3.1 Study Sites

3.1.1 Huron Natural Area

Huron Natural AregHNA) in Kitchener, Ontario is a 16ffectare sit¢see Figure 2 comprising a
variety of ecosystems, including wetlands, forests, ponds and a coldwater stream. It is run as a
partnership between the City of Kitchener and the Waterloo Catholic and Waterloo Region District
School BoardsGity of Kitchener, 201)) The meadow at HNA4B;230N, 80;280W:; elevation 342m;
Google Earth, 2011) is an-@&gicultural field, which was tilled until the late 1970s. Some of the
northern reach of the meadow was quarried starting in the late 1980s, during the construction of
Trillium Rd. and industal development on adjacent loMdeanwhilethe southernextent saw the
establishment of a system of trails, which became grown over following a 1990 municipal decision to
protect the site. Huron Natural Area formally opened to the public in 2006, atidusmto run an
active stewardship and ecological restoration proge@ity Of Kitchener, 201 The soilof the

region is a sandioamy luvisol Chapman and Putnam, 198%he area receives on average 940
mm/yr of precipitation, 83% as rainfall and 17%saswfall (Environment Canada, 2011).

Figure 2: Huron Natural Area. The meadow ecosystem features prominently within the natural
area (Google Earth, 2013). The rectangle denotes the approximate location of the worksite.
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The specific site for the study plot was chosen in the southern stratum of the meadow, which is the
area the City has prioritized for restoration. Within that section, the site choice veaisaowd by the
pre-existing restoration plots and had to exclude steeper sections (logistical consideration for tractor
access). A site was agreed upon with City personnel and within it, the specific plot lecadion
chosen by converting a map of theesiito an x,y grid and using a random number generator to pick
coordinates.

3.1.2 rare Charitable Reserve

rare Charitable Research Reserve was founded in 2001 and istedtze property in Cambridge,
Ontario(see Figure B It is a privately run charitable dmdation with a strong focus on conservation,
monitoring, restoration and community educaticarg, 2011). The study site edre is anold-field in

the Springbank Farm section of the reserve (43j220N, 80;210W; elevation 306m; Google Earth,
2011), which vas last cultivated for canola and other crops in ZDQ&elly, personal
communication)The site currently houses a greenhouse and apiary, community garden plots, native
plant gardens, educational facilities and art installatidhs. soilis a clayloamandthe precipitation
patterns are comparable to those at HNA.

Figure 3: rare Charitable ResearchReserve, sitting at the confluencef the Grand and Speed
rivers, comprises natural ecosystems as well as farmlariGoogle Earth, 2013).The rectangle
denotes the approximate location of the worksite.

The specific site for the research plot was again chosen taking logistical constraints into
account (distance from community garden plots and tractor accessibilithinwhe site agreed upon
with rare staff, the specific plot coondates werehosen using the same methodology as at HNA.
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3.1.3 Defining plots

At each site, the periphery of the experimental area (13x16m) was marked using wooden stakes. The
sites were tilled using a tractor (October 2011) and then individual treatment plots were delineated
using white nylon string pegged with 8” nails. Each research plot is 5 subplots (2x2m) long by 4
subplots wide, for a total of 20 subplots, with 1m-wide buffers around the edges separating each
subplot from its neighbours (see Figure 4).

16 m

tlm

IZm

13 m

Figure 4: Depiction of the research plot layout, white areas are subplots and grey areas are
buffer zones.

3.2 Soil testing

Using a 3cm diameter soil auger, 3 soil samples were collected from each subplot (using random
coordinates and excluding 50 cm from the edges) to a depth of 15c¢m, on October 23, 2011, as well as
September 13, 2012. All 3 samples from individual sub-plots were bulked in a single, re-sealable
plastic bag, immediately put on ice in the dark and then frozen in the laboratory for no more than 2
months (as in Kulmatiski, 2011). Soil samples were tested, throughout December 2011 and
September/October 2012, for:

e pH

* moisture content and organic matter; loss on ignition method
* nitrate; cadmium reduction method

* phosphate; ascorbic acid reduction method

* potassium; tetraphenylboron method (LaMotte, 2012)
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3.3 Application of treatments

Treatmentsvere appliedollowing soil testing a October30,2011 They consist of1) chemical
fertilizer, (2) legume plants(3) biochar (4) a combination of 1, 2 anda®d (5)a nontreatment
control Eachsulplot (4 sulplots per treatment p@tot: total of 40 subplotsyvasrandomly assiged
one of the four treatmentst a controlstatus

1. Fertilizer treatmensulplotseach received 85g of Scotts™ Turf Builder” 3B-4 PRO Lawn
Food fetilizer (equivalent to 67.5 kg /Ha).

2. Legume treatmerdulplots wee seeded with a mixture éfstragaluscanadensid.. and
Lupinus perenni&. 5g of each species were hand spread in eachLplpérennisvas
scarifiedusing sand paper. Seeds web¢ainedfrom the Ontario Seed Company, Waterloo,
ON, andtreated with geusappropriate rhizobia

3. Biochar treanentsulplots received 4 kg (1 kgfmequivalent to 10 tonnes/ha) of biochar
(Abritech, Namur, QC; ash wood parent material; fast pyrolysis &) 48&g of biochar
were applied itombinationtreatmentlots instead of 4 (due to material constrairitsjas
raked into the top 10cm of the soil. All other plots were similarly raked but without biochar
addition.

4. Treatments 1, 2 and 3 weapplied to these combinatisalplots.

Controlsulplotsdid not receive any soil amendnts, but they wer rakedsimilarly to other subplots
and then seeded with meadow plants.

3.4 Seeding of meadow plants

A mixture composed of 25%®anicum virgatuni., 25%Schyzachirium scopariugMichx.) Nash,
25% Carex brevior(Dewey) Mack/ C. muhlenbergiSchkuhr ex. Willd. 12.5%Rudbecla hirta L.,
12.5%Desmodium canadengk.) DC., obtained from Native Plagource, Kitchener, ONvas
handbroadcast in eactubplot An effort was made to broadcast as evenly as poségilitgal of 1.04
kg wasseeded, whicborresponds$o a seeding rate &f5 kg/ha.

3.5 Assessment of meadow plant establishment

A 50x50 cm quadravasdropped on a randomly selected area of each 2x2m subplctt quadrat
wasassessed for species present and number of individuals of each species (Shannait{s Diver
Index; Rosenzweig, 1995Y.egetation wasssessed in May, Junand August2012.

All aboveground (live and dead) plant matenesclipped ancharvested on September 13, 2012
andthendried and weighed following the USBRRCS AboveGround Biomas®etermination
protocol (USDANRCS, 1997).

3.6 Monitoring of plot temperature and moisture

Soil temperature was measured within esalplot using a DigiSense ~ Thermistor 400 Series
(Cole-Parmer Co., Montreal, Q@Jectronic thermometaronnected to a probA. point within the
plot was chosen randomly, the probesvisserted to a depth of 10 cm and the temperature reading
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was allowed to stabilizéMoisture was measured usindglalway Soil Tester (Kelway Instruments
Co., Wyckoff , NJ) The soil was loosenagsinga trowel, the meter wdslly inserted into the soil
and then the soil wasade firmaround it. Moisture readings were generally taken from the same
location within theplot to minimize disturbance tiie vegetationas plant material needed to be
removed in order to take the measurem8ee Table 1 for the dates on which temperature and
moisture sampling took plack.was conducted, whenever possible, on a weekly basis

Table 1: Dates of temperature and moisture sampling aHuron Natural Area and Springbank
Farm (rare Charitable Research Reserve), Region of Waterloo, ON.

Date Temperature| Moisture Huron NA | Springbank
May 21, 2012 X X X X
May 27, 2012 X X X X
June 5, 2012 X X X X
June 10, 2012 X X X X
June 162012 X X X
June 24, 2012 X X X X
June 28, 2012 X X X X
July 13, 2012 X X X X
July 19, 2012 X X X X
August 18, 2012 X X X X
August 22, 2012 X X X
August 23, 2012 X X X
September 13, 201 " X X

* Some data points were taken on June 19, 2012 fositieis

* Temperature not measured due to technical issue with thermometer.

3.7 Data analysis

Data was tested for normality using the Shapifikk regression tesDifferences inmeans fosoil
variables andregetationdiversity and biomasseretested usingnivariate or repeated measures
analysis of variance (ANOV)A as appropriateT ukeyOposthoc pairwise comparisonsereused to
determine mean differences (as in Kulmatiski, 20lilxome instances, PearsonOs premiachent
correlations were employed foomparative purposé€Blythe & Merhaut, 2007)A significance level
of 0.1 was used in th experiment instead of the customparyalue of 0.05 in order to increase the
chance of observing relationships that might otherwise be missed. All statistical tests, unless
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otherwise noted, were performed using R (version 2.15.1, The R Foundatioatistica
Computing).Graphs, unless otherwise noted, were produced ggipipt2, a plotting system for.R
All comparisons of data betweéeld sites were performed using unpaired Studerigdss.

3.7.1 Soil nutrients, pH and organic matter

A repeatedmeasures ANOVAwith treatment as independent variable and soil factor as dependent
variable,was employed to discedifferences in means f@oil factorsovertime. A univariate

ANOVA with TukeyOpost hoowas run for each sampling event in artiediscover any significant
differences in the means of the measured soil factors.

3.7.2 Vegetation B Species Richness

A repeated measures ANOVA, with treatment as independent variable and species richness as
dependent variable, was run for each site to disdéferences in mean species richness between
treatments, over time. The direction and strength of relationships between species richness and the
various soil factors measured were determined through PearsonOs mmmect correlations.

3.7.3 Vegetation P Biomass

A univariate ANOVA with TukeyQsost hoowas runfor the data from each siie order todetermine
whether any of the treatments had significantly different mézem:sonOs produnbment
correlations were computed in order to determine the strength and directions of the relationships
between abowground biomass and the various-ared posttreatment soifactors. A correlation was
calculatedn order to assess thelationship between biomass and species richness.

3.7.4 Soil temperature and moisture

Repeated measures ANOVAs were used in order to detect differences in means between treatments,
over time, and treatmetime interactions. PearsonOs produciment correlatios were run in order

to discern the strength and direction of the relationships between soil temperature, moisture, species
richness and biomass.
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Chapter 4

Analysis of the Experimental Results

4.1 Results

4.1.1 Soil nutrients, pH and organic matter

Most soil factors varied significantly betwesites in pretreatment plotg¢see Table 2)
Concentrations gbhosphorugP; p < 0.005), potassium (Kp < 0.001) and organic matter (O <
0.001)from October 2012 soil samplesre all, on average, higher at Springbank Fgpringbank)
than at Huron Natural Are@NA), while the pH jp <0.001) was lower at that site. Only nitrogen (N;
p = 0.16) did not vary between sites.

Concentrations of soil factors measupadttreatmentjn September 201 2ll differed
significantly between sites. N & 0.001), P 9 < 0.01), K (p< 0.001) and OMf{ < 0.001) were all
higher at Springbank than at HNA, while ppi<0.001) remained significantly lower.

Table 2: Average values (p) and standard deviations (SD) for soil factors, at Huron Natural
Area and Springbank Farm (rare Charitable Research Reserve), Region of Waterloo, ON.
Significant differences obtained using paired two-tailed t-tests (p <0.1).

October2011 September 2012
Test HNA Springbank HNA Springbank
V] SD V] SD V] SD V] SD

Nitrate (ppm) 014 | 001 | 015 | 0.06 | 0.18 | 0.04 | 0.26" | 0.05

Phosphorugppm) | 1.12 | 1.09 | 2.35 | 154 | 1.07 | 1.02 | 1.77" | 0.66

Potassium (ppm) | 0.90 | 0.20 | 2.63 | 1.85 | 1.07 | 0.38 | 2.59* | 1.64

*

pH 8.08 | 0.13 | 7.81 0.11 | 820 | 0.14 | 7.75*| 0.08

Organic matter | 5.5 | 549 | 608 | 075 | 362 | 0.75 | 6.95° | 0.66
(% dry weight)

" Significant difference between sites, in 2011 {peatment application).
“Significant difference between sites, in 2012.

Analysis of the soil factors demonstrates that many chaimgemhcentratiobetween the twadld
seasonsHowever,there were no significant treatment effe@8ects of individual treatments on the
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magnitude of the chanyjeor treatnenttime interactionsdffects of treatments on the direction of
change over time At HNA (see Table 3apverageconcentration of N increased between 2011 and
2012 (0.14 to 0.19 ppmm; < 0.001), but there was no effect of treatment on the magnipd®.87)

or direction (p=0.83). K(0.90 to 1.0%pm;p < 0.1), pH (8.08 to 8.20p < 0.05)and OM 8.13 to
3.62%;p < 0.01) also increased over time, and similarly showed no significant treatment impacts,
though the treatmettime interactions for pH and OM wemaore importantg of 0.16 and 0.20,
respectively)P did not vary significantly between years.

At Springbank(see Table 3h)N (0.15 to 0.2ppm;p < 0.001)and OM (6.08 to 6.95%a < 0.001)
increased significantly over time, while pH (7.81 to 7{%;0.05) showed a decrease. Average
concentration of P (2.35 to 1.77 ppps 0.15) decreased substantially but not significantly, while K
differed ittle between sampling events. Justaa HNA, there were no treatment effects on soil
factors, either in terms of the magnitude or the direction of change f@rp¥, with a treahent
time interactiorp of 0.12, was there a value nearing statistical significance.

There wereno significant differencebetweertreatments for anposttreatment (2012%o0il factor
at eithersite, witha singleexception (see Table 4).univariateANOVA indicated a divergence K
0.1) between treatments in termspdrcent organic mattet HNA, with TukeyOpost hocanalysis
pointing towards significant differences between control and biochar treatrpen®&@95) and
fertilizer and biocharg = 0.096) .t is of note that the same analysis, using thetigatment (2011)
organic matter datandicates naignificant variation between treatmeijs= 0.64), with TukeyOs
post hocanalysis showing no difference between control and bioga0(P) or fertilizer and
biochar £ = 0.90).

Among the other treatments at HNA, the next nearest to statistical significanqe=+02@3),
followed by, in decreasing order, K € 0.52), pH = 0.77) and Nf = 0.89). At Springbank, though
none achieved atistical significance in terms of any tested soil factor, the treatment with the highest
divergence between treatments was also @M Q.25). It was followe@gainby P = 0.33), and
then pH p =0.34), K p =0.76) and Ng = 0.99).
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Table 3: Average values for Oct. 2011 and Sept. 2012, as well as change between field seasons, for soil fact@sg Huron Natural Area
and (b.) Springbank Farm (rare Charitable Research Reserve)Region of Waterloo, ON. Significant differencegp<0.1) obtained using

repeated measures ANOVATr: treatment; ¢ time; Tr : ¢ treatment-time interaction).

a Average Average change Significance )
' Test

2011 | 2012 1] C B F L X Tr t Tr:t

Nitrate (opm) | 0.14 | 0.19 | +0.05| +0.06 | +0.03| +0.07 | +0.04 | +0.05| 0.87 | <0.001 | 0.83

Phosphorugppm) | 1.12 | 1.07 | -0.05 | +0.32 | +0.33| -0.60 | -0.30 | -0.01| 0.32 | 0.88 | 0.89

Potassium (ppm)| 0.90 | 1.07 | +0.17| +0.13 | +0.32| +0.12| -0.10 | +0.38| 0.59 <0.10 0.57

pH 8.08 | 8.20 | +0.12| +0.01| +0.08| 0.00 | +0.32| +0.17| 0.95 <0.05 0.16

Organic matter (%] 3.13 | 3.62 | +0.49| -0.14 | +1.23 | +0.30 | +0.41| +0.67| 0.58 <0.01 0.20

b. Average Average change Significance )
Test

2011 | 2012 1] C B F L X Tr t Tr:t

Nitrate (ppm) | 0.15 | 0.26 | +0.11| +0.13| +0.13| +0.11| +0.09 | +0.11| 0.51 | <0.001 | 0.82

Phosphorugppm) | 2.35 | 1.77 | -0.58 | -0.54 | -0.39 | -0.12 | -0.89 | -0.24| 029 | 0.15 | 0.95

Potassium (ppm)| 2.63 | 2.59 | -0.04 | 0.63 | -0.20 | -0.75 | -0.18 | +0.16| 0.43 0.95 0.95

pH 781 | 7.75 | -0.06 | 0.00 | 0.04 | -0.11 | -0.05| -0.13 | 0.99 <0.05 0.12

Organicmatter (%)| 6.08 | 6.95 | +0.87 | +0.98 | +1.01 | +1.48 | +0.04 | +1.39| 0.51 | <0.001 0.39

* Significant difference over time.
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Table 4: Average values forsoil factors in 2012 for differenttreatments, at Huron Natural Area and Springbank Farm (are Charitable
Research Reserve), Region of Waterloo, OIM: overall average; C: control; B: biochar; F: fertilizer; L: legume; X: combination.

Significant differences (p<0.1) obtained using univarigde ANOVA.

Huron Natural Area Springbank
Test

n C B F L X P n C B F L X P

Nitrate (ppm) 0.19 | 0.20 | 0.18 | 0.20 | 0.18 | 0.18 | 0.89 | 0.26 | 0.27 | 0.25 | 026 | 0.26 | 0.24 | 0.99

Phosphorus (ppm) | 1.07 | 1.61 1.68 | 0.66 | 0.27 | 1.15 | 0.23 1.77 | 144 | 1.70 | 1.75 | 1.57 | 1.69 | 0.33

Potassium (ppm) 1.07 | 1.08 | 1.20 | 090 | 0.88 | 1.28 | 0.52 | 2.59 | 2.68 | 1.55 | 295 | 295 | 2.06 | 0.76

pH 820 | 814 | 820 | 818 | 828 | 821 | 077 | 7.75 | 7.79 | 7.77 | 7.76 | 7.76 | 7.70 | 0.34

Organic matter (%) | 3.62 | 3.10 | 435 | 3.10 | 3.75 | 3.81 | 0.07 695 | 6.71 | 698 | 7.38 | 645 | 7.05 | 0.25

* Significant difference between treatments.
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4.1.2 Vegetation D Species Richness

The ptalrecorded implot species richness at HNA was 22 species, while at Springbank it was 43
speciesOn average, species richnggs subplotvas greater at Springbank than at HNA (averages of
10.57 and 7.58 respectivelytestp <0.0001).The highest recorded me§pertreatment at HNA

was of 8.50, in May 2012, while the 3 treatnsamere tied for a low of 7.00 (Control, May; Fertilizer
and Legume, June). At Springbank, the highest mean was in the Fertilizer sylopldis.00) in

June, while a low of 6.75 was recorded in the Biochar subplots, in MayNA, species richness
persulplot was higheiin May, 2012 (1 = 7.80; see Table 5) than in June<(j4.35). Meanwhile, at
Springbank, species richness was highest in Jurel§u05), surpassing the values for August(u
9.55) and May{ = 8.10).

A repeatedmeasures ANOVA indicatedo significant effect of treatment, time, or treatment
time interaction (see Table 6). At both field sites, significance values for time indicated a stronger
effect than those for treatmept£ 0.35at HNA andp = 0.22at Springbank, versys= 0.92 ang =
0.98, respectively), while treatmetine interaction was intermediate in significarfge= 0.74 at
HNA, p = 0.66 at Springbank).

Table 5: Average values (p) and standard deviations (SD) for species richness, at Huron Natural
Area and Springbank Farm (rare Charitable Research Reserve), Region of Waterloo, ON.

Huron Natural Area Springbank Farm

Treatment May 22, 2012| June 19, 20124 May 22, 2012 | June 16, 2012| August 28, 2012

u SD u SD u SD u SD u SD
Control 7.00 | 0.82 | 750 | 1.00 9.25 3.20 | 13.75 | 2.50 9.50 1.29
Biochar 8.00 | 1.15 | 7.75 | 2.22 6.75 1.71 | 12.25 | 2.22 | 10.00 0.82

Fertilizer 7.75 | 126 | 7.00 | 2.16 7.00 3.37 | 16.00 | 1.41 | 9.50 1.91

Legume 850 | 238 | 7.00 | 1.41 7.25 206 | 1475 | 3.86 | 10.00 1.63

Combination | 7.75 | 0.50 | 750 | 1.29 | 10.25 | 2.75 | 13.50 | 3.32 8.75 1.71

Overall 780 | 1.32 | 7.35 | 1.53 8.10 279 | 1405 | 280 | 955 1.43
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Table 6: Significance values for repeated-measures ANOV As for species richness, for Huron
Natural Area and Springbank Farm (rare Charitable Research Reserve), Region of Waterloo,

ON.
N Huron Natural ,
Significance f) Area Springbank Farm
Treatment 0.92 0.98
Time 0.35 0.22
Treatment : Time 0.74 0.66

At HNA, subplotlevel meanspecies richneqd$SR)was positively correlated (Pearson product
moment correlation) with preeeatmeniN, K and OMlevels(see Table 7)it was negatively
correlated with préreatmen® and pH. Statistically significant correlations were those between
species richness and preatment Ni(= 0.42;p = 0.07 see Figure 5aand OM ¢ = 0.52;p = 0.02
see Figure 5b

MeanSR at that sitavas positivelycorrelated with postreatmentN, and negatively
correlated wittpH and OM(see Table 7)The relationships with P and K welbeth approachingero
(r =0.02 and =-0.01, respectively). There were no statistically significant relationships be&¥een
and any of the podteatment soil fetors studied.

At Springbanksubplotlevel meanSR was positively correlated witpretreatment (October
2011) K and pH, while it wasegatively correlated with N, P and OM. None of these tremuls
statistically significant (see Table )hedirections of the trends agedl the same as those between
SR and postreatment soil factor levels. The negative correlation betWweandSRwas highly
significant ¢ =-0.67;p < 0.001; see Figure 6), while the positive relationship with pH was near
significance ¢ = 0.36;p = 0.11).

It is noteworthy that at HNA, for every soil factor, the correlation \Bitwas tightest for its
pretreatment2011)value (with a single exception, pH). Meanwhile the reverse was true at
Springbank. For every categohgetstrongest relationship was betw&andthe posttreatment
(2012)soil nutrient or pH level. Alsaoteworthyis the opposite trends between SR and N at the two
sites. While 2011 and 2012 N levels were positively correlated with SR at HNA, the digtioras
negative for both sampling events at Springbank. Trends were also omidsitd sitesor pH, and
2011 OM.
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Species Richness

Table 7: Pearson product-moment correlations between average species richness in 2012 and
pre- (2011) and post-treatment (2012) soil factors for experimental plots at Huron Natural

Area, Kitchener, ON. r: correlation coefficient; p: probability of ! -error (p<0.1).

2011 2012
Correlation
r p r p

Nitrate (ppm) 0.42 0.07 0.15 0.54
Phosphorugppm) -0.13 0.57 0.02 0.92
Potassium (ppm) 0.27 0.24 -0.01 0.96
pH -0.05 0.82 -0.11 0.62
Organic Matter (%) 0.52 0.02 -0.06 0.81

* Significant correlation.

b.

Species Richqess

N (ppm) Ofganic Matter (%)

Figure 5: Graphs illustrating statistically significant correlations between species richness and (a)
pre-treatment (2011) nitrate concentration (r = 0.42) and (b) pre-treatment (2011) organic matter

concentration (I = 0.52), for Huron Natural Area, Kitchener, ON.
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Table 8: Pearson productmoment correlations between average species richness in 2012 and
pre- (2011) and postireatment (2012) soil factors for experimental plots at Springbank Farm
(rare Charitable Research Reserve), Cambridge, ON: correlation coefficient; p: probability of

! -error (p<0.1).

2011 2012
Correlation
r p r p
Nitrate (ppm) -0.19 0.41 -0.67 0.001
Phosphorugppm) -0.26 0.26 -0.27 0.25
Potassium (ppm) 0.19 0.42 0.23 0.33
pH 0.30 0.19 0.36 0.11
Organic Matter (%) -0.15 0.53 -0.18 0.44

* Significant correlation.

Species Richness

0.30
N (ppm)

Figure 6: Graph illustrating the statistically significant correlation between species richness and
posttreatment (2012) nitrate concentration ¢ =-0.67), at Springbank Farm ¢are Charitable

Research Reserve), Cambridge, ON.
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4.1.3 Vegetation D Biomass

The average above-ground biomass (BM) at HNA was 33,926 kg/ha, while at Springbank it was
67,138 kg/ha. An unpaired Student’s t-test indicates that these values are significantly different (p <
0.0001). BM means by treatment, at HNA, ranged from 29,340 (Legume) to 42,090 kg/ha (Fertilizer),
while at Springbank they ranged from 43,830 (Biochar) to 90,990 kg/ha (Legume; see Figure 7). At
HNA, a univariate ANOVA with Tukey’s post hodndicated no significant differences between
treatments (P = 0.681), while at Springbank, the same test pointed to a significant difference between
the means of the biochar-treated and the legume-seeded plots (p = 0.066; see Figure 7).
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Figure 7: Histogram illustrating average aboveground biomass (kg/ha) by treatmentwith 95%
confidence intervals,for Huron Natural Area, and Springbank Farm (rare Charitable Research
Reserve).Chart produced in Excel (Microsoft Excel for Mac, verson 12.3.6).

At HNA, BM levels, harvested, dried and weighed in October 2012, were positively
correlated with pre-treatment P, K and pH levels, while they were negatively correlated with levels of
N and OM (see Table 9). The positive relationship between BM and P was significant (r = 0.52; p=
0.02; see Figure 7a), while the negative relationship with N was nearly significant (r =-0.37; p =
0.11).

BM was positively correlated with post-treatment N, P, K and OM levels. It trended
negatively only with 2012 pH levels (see Table 9). It is noteworthy that the correlations between BM
and 2012 levels of N, pH and OM were all opposed in direction to those between BM and the 2011
reading for the same soil factor. The only significant relationship was between BM and P, with the
same correlation coefficient as with the 2011 levels (r = 0.52; p=0.02; see Figure 7b). The negative
correlation between BM and pH approached significance (r = -0.36; p=0.12).

At HNA, the relationships between BM and individual soil factors were not notably stronger
for a particular sampling season. Correlations for N and OM were stronger with 2011 levels, as
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opposed to those for K and pH, who trended more closely with 2012 levels. The correlation
coefficient for P was equal for both yeaP was the only soil factor at the site whose level did not
change significantly between seasons (see Table 3a).

At Springbank, BM trended positively with levels of fille 2011 soil factorsneasuredsee
Table 10). Four of the correlations were stat#ly significant:BM and N ¢ = 0.62;p = 0.004; see
Figure8a), P(r = 0.54;p = 0.01; see Figure 9a), K€ 0.61;p = 0.005; see Figure 10a) and OMH
0.62;p = 0.004; see Figure 11). The positive relationship between BM and pkeasmablystrong
(r = 0.33;p = 0.15).This is the first and only case, for species richness or biomass alike, where nitrate
and pH have trended in the same direction.

BM was positivelycorrelated with all 2012 soil factors besides pH (see Table 10).
Correlationsbetween BM and Nr(= 0.49;p = 0.03; see Figure 8b), P£ 0.44;p = 0.05; see Figure
9b) and K ( = 0.45;p = 0.05; see Figure 10b) were all significant. As opposed to the trend with 2011
pH levels, BM was negatively correlated with 2012 pH. Neithlationship was significant,
however.The soil factors whose levels changed significantly between 2011 and 2012 at Springbank
were N, pH and OMsee Table 3b)

Unlike at HNA, there was a clear pattern with respect to the relationshipsdrebiomass
andsoil factors at Springbank. Although the direction was the same betweenoresasti factor
(except for pH) BM correlatedbestwith the pretreatment levels than those measured at the end of
the field season. This contrasts with the pattern seen éaiesprichness, whereby SR correlated most
strongly with all 2012 soil factors at the site (see section 4.1.2, Table 8).

At both field sites, a negative correlation emerges when exploring the relationship between
mean species richness and abgreund llomass(see Table 11)At HNA, the relationship fairly
weak  =-0.15;p =0.58) while it was slightly stronger at Springbank¢0.22;p = 0.35; it was not
statistically significant at either site.
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Table 9: Pearson productmoment correlations between abovground biomass in 2012 and pre
(2011) and postireatment (2012) soil factors for experimental plots at Huron Natural Area,

Kitchener, ON. r: correlation coefficient; p: probability of ! -error (p<0.1).

2011 2012
Correlation
r p r p

Nitrate (ppm) -0.37 0.11 0.21 0.37
Phosphorugppm) 052 002 0.52 0.02"
Potassium (ppm) 0.18 0.44 0.24 0.31
pH 0.15 0.54 -0.36 0.12
Organic Matter (%) -0.14 0.54 0.11 0.64

* Significant correlation.

b.
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Figure 8: Graphs illustrating statistically significant correlations between aboveground biomass
and (a) pre- (2011;r = 0.52) and (b) postreatment (2012;r = 0.52) Phosphorus concentrations, for

Huron Natural Area, Kitchener, ON.
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Table 10: Pearson productmoment correlations betweeraboveground biomassin 2012 and
pre- (2011) and posttreatment (2012) soil factors for experimental plots at Springbank Farm
(rare Charitable Research Reserve), Cambridge, ON: correlation coefficient; p: probability of

! -error (p<0.1).

2011 2012
Correlation
r p r p

Nitrate (ppm) 0.62 0.004 0.49 0.03
Phosphorugppm) 0.54 0.01 0.44 0.05
Potassium (ppm) 0.61 0.005 0.45 0.05
pH 0.33 0.15 -0.27 0.25
Organic Matter (%) 0.62 0.004 0.24 0.30

* Significant correlation

a. ” b.

75000

Above Ground Biomass (kg/ha)
Above Ground Biomass (kg/ha)

0.30
0.20 0.25 N 2012 (ppm)
N 2011 (ppm)

Figure 9: Graphs illustrating statistically significant correlations between aboveground biomass
and (a) pre- (2011;r = 0.62) and (b) postreatment (2012;r = 0.49) nitrate concentrations at
Springbank Farm (rare Charitable Research Reswe), Cambridge, ON.
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Figure 11: Graphs illustrating statistically significant correlations between aboveground biomass

and (a) pre- (2011;r = 0.54) and postreatment (2012;r = 0.44)Phosphorus concentrations at

Springbank Farm (rare Charitable Research Reserve), Cambridge, ON.
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Figure 10: Graphs illustrating statistically significant correlations between aboveground biomass
and (a) pre- (2011;r = 0.61) and postreatment (2012;r = 0.45) potassium concentrations at

Springbank Farm (rare Charitable Research Reserve), Cambridge, ON.
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Organic Matter (%)

Figure 12: Graph illustrating the statistically significant correlation between above-ground
biomass and pre-treatment (2011) organic matter concentration (» = 0.62), at Springbank Farm

(rare Charitable Research Reserve), Cambridge, ON.

Table 11: Pearson product-moment correlations between above-ground biomass and average
species richness in 2012 for experimental plots at Huron Natural Area and Springbank Farm

(rare Charitable Research Reserve), Region of Waterloo, ON.

Huron Natural Area Springbank Farm
Correlation
r p r p
Species Richness -0.13 0.58 -0.22 0.35
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4.1.4 Soil temperature and moisture

The average per-subplot soil temperature at HNA, measured over 9 sampling events throughout the
spring and summer of 2012, was of 23.85;C (see Table 12). The range of seasonal averages, by
treatment, was from a high of 24.37;C, in the legume-seeded subplots, to a low of 23.51;C, in the
biochar-treated subplots. On individual sampling dates, average per-treatment values ranged from
17.33;C to 32.33jC. The average per-subplot soil moisture at the same site was of 32.81%, ranging
from a high of 34.93%, in the control subplots, to a low of 30.83%, in the combination subplots. On
individual sampling dates, average per-treatment values ranged from 0.00% to 79.50%.

Meanwhile, the average per-subplot soil temperature at Springbank, measured over 10
sampling events throughout the spring and summer of 2012, was of 22.08;C (see Table 13). The
treatment per-subplot seasonal averages ranged from a high of 22.33;C, in control subplots, to a low
0f 22.01;C in biochar-treated subplots. On individual sampling dates, average per-treatment values
ranged from 19.33jC to 32.75jC. The average per-subplot soil moisture at the site was of 52.35%,
ranging from a high of 55.83% in combination subplots, to a low of 47.97%, in legume-seeded
subplots. On individual sampling dates, average per-treatment values ranged from 4.25% to 83.50%.

Temperatures were not significantly different at either sampling site (paired t-test, adjusting
for unequal sample sizes). Soil moisture was, however, significantly lower at HNA than at
Springbank (p = 0.07). It is noteworthy that at both sites, the coolest subplots were those treated with
biochar.

A repeated-measures ANOVA indicated no significant differences between treatments, or
treatment-time interactions, for soil temperature at either site (see Table 14). However soil
temperatures did vary significantly over time at both sites (p=0.001 at HNA; p < 0.0001 at
Springbank). There were no significant differences between treatments, nor were there significant
treatment-time interactions, at either site in terms of soil moisture (see Table 15). Just as with soil
temperature, however, soil moisture fluctuated in a statistically significant manner over the course of
the field season (p < 0.0001 at HNA; p=0.07 at Springbank).

At HNA, subplot species richness was positively, but not significantly, correlated with both
soil temperature (r = 0.16) and moisture (r = 0.04; see Table 16). At the same site, above-ground
biomass was significantly negatively correlated with average subplot soil temperature (r =-0.64, p=
0.002; see Figure 12a), and significantly positively correlated with soil moisture (r = 0.38, p=0.1;
see Figure 12b).

Trends for the relationships described above between vegetation and soil physical factors
were similar at Springbank. Species richness was positively correlated with soil temperature (r =
0.07) and moisture (r = 0.23). Above-ground biomass was negatively correlated with soil temperature
(r =-0.25), while it was positively correlated with moisture (r = 0.23). None of the preceeding
relationships were statistically significant.
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Table 12: Average values for soitemperature and moisture on each sampling datan 2012 for different treatments, at Huron Natural

Area, Kitchener, ON. u: overall average; C: control; B: biochar; F: fertilizer; L: legume; X: combination.

Sampling Date

Soil Tempertaure

Soil Moisture

u C B F L X u C B F L X
May 21,2012 | 24.24 | 24.10 | 24.03 | 23.88 | 24.83 | 24.38 | 31.35 | 43.75 | 26.25 | 33.00 | 33.75 | 20.00
May 27,2012 | 24.43 | 24.15 | 24.63 | 23.73 | 25.23 | 24.43 | 33.25 | 42,50 | 27.50 | 40.00 | 35.00 | 21.25
June 5,2012 | 18.13 | 17.50 | 18.48 | 18.05 | 18.65 | 17.98 | 71.15 | 72.00 | 70.00 | 64.25 | 79.50 | 70.00
June 10,2012 | 17.93 | 17.70 | 18.28 | 18.25 | 18.10 | 17.33 | 74.25 | 73.75 | 72.50 | 68.25 | 79.50 | 77.25
June 24,2012 | 22.77 | 22.98 | 22,58 | 22.58 | 23.50 | 22.20 | 19.85 | 23.00 | 20.00 | 21.00 | 16.50 | 18.75
June 28,2012 | 30.64 | 30.13 | 29.85 | 30.95 | 29.95 | 32.33 | 38.40 | 35.00 | 41.25 | 32.50 | 41.25 | 42.00
July 13,2012 | 30.22 | 30.40 | 29.90 | 30.18 | 30.93 | 29.68 | 0.10 | 0.00 | 0.50 | 0.00 | 0.00 | 0.00
July 19,2012 | 23.69 | 24.65 | 22.53 | 23.53 | 24.60 | 23.15 | 20.75 | 22.75 | 19.50 | 23.25 | 18.75 | 19.50

August 17,2012 | 22.72 | 24.28 | 21.65 | 22.78 | 23.00 | 21.90 | 27.10 | 25.25 | 30.00 | 26.25 | 27.00 | 27.00

August 22,2012 | 23.69 | 23.38 | 23.18 | 23.73 | 24.93 | 23.23 | 11.90 | 11.25 | 18.25 | 6.25 | 11.25 | 12.50

Average 23.85 | 23.93 | 2351 | 23.77 | 24.37 | 23.66 | 32.81 | 34.93 | 32.58 | 31.48 | 34.25 | 30.83
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Table 13: Average values for soitemperature and moisture on each sampling daten 2012 for different treatments, at Springbank Farm

(rare Charitable Research Reserve)Cambridge, ON. . overall average; C: control; B: biochar; F: fertilizer; L: legume; X: combination.

Soil Temperature Soil Moisture
Sampling Date

n C B F L X n C B F L X

May 21, 2012 23.59 | 2380 | 23778 | 2335 | 24.08 | 2393 52.00 | 51.25 62.50 | 51.25 | 43.75 61.25

May 27,2012 23.79 | 24.00 | 24.25 | 23.23 24.40 | 23.75 54.00 | 51.25 63.75 53.75 | 45.00 | 63.75

June 5, 2012 21.19 | 2145 | 21.10 | 20.78 | 21.60 | 21.15 | 43.70 | 49.75 | 46.50 | 33.00 | 41.75 50.00

June 10, 2012 22.01 22.03 2270 | 21.00 | 21.65 22.20 | 50.50 | 55.00 | 52.50 | 47.50 | 47.50 | 55.00

June 16/19, 2012 2299 | 23.68 | 21.55 | 24.25 | 22.63 | 23.13 68.89 | 68.75 62.33 83.50 | 59.00 | 66.25

June 24, 2012 20.15 20.25 20.15 19.88 | 20.28 | 20.23 58.15 59.75 52.75 64.75 55.75 62.75

June 28, 2012 31.19 | 32.75 | 31.38 | 30.40 | 30.68 | 32.00 | 41.15 | 40.00 | 38.75 | 46.25 | 38.75 | 41.25

July 13,2012 2032 | 20.43 | 20.28 1998 | 20.75 | 20.30 10.30 10.75 10.75 16.50 4.25 12.00

July 19, 2012 20.19 | 20.20 19.65 | 20.35 | 20.68 | 20.15 62.38 | 65.75 55.88 | 65.75 57.50 | 65.38

August 17,2012 19.69 19.45 19.33 | 20.20 19.88 19.65 64.33 | 65.00 | 61.25 65.50 | 63.13 65.50

Average 22.08 | 22.33 22.01 21.94 | 22.21 22.22 52.35 53.95 51.88 54.05 | 47.97 55.83
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Table 14: Significance values for repeatedmeasures ANOVAs for soil temperature, for Huron
Natural Area and Springbank Farm (rare Charitable Research Reserve), Region of Waterloo,
ON.

Table 15: Significance values for repeatedmeasures ANOVAs for soilmoisture, for Huron
Natural Area and Springbank Farm (rare Charitable Research Reserve), Region of Waterloo,
ON.

Huron Natural

Significance (p) Area Springbank Farm
Treatment 0.93 0.86
Time 0.001° <0.0001"
Treatment : Time 0.95 0.98

* Significant difference over time.

Huron Natural

Significance (p) Area Springbank Farm
Treatment 0.90 0.54
Time <0.0001" 0.07"
Treatment : Time 0.56 0.50

* Significant difference over time.
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Table 16: Matrix of Pearson product-moment correlations between 2012 average, psubplot,

species richness, abovground biomass, soil temperature {C) and soil moisture (%) at Huron

Natural Area, Kitchener, ON.

Soil Temperature ("C)‘

20000

Species Above Soil
Factor _p ground Soil T° i
Richness . Moisture
Biomass
Species
. -0.13 0.16 0.04
Richness
Above
ground -0.13 -0.64 0.38
Biomass
Soil T° 0.16 -0.64" -0.23
Soil 0.04 0.38 -0.23
Moisture

* Significant correlation§<0.1).

** Significant correlation §p<0.01).
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Soil Moisturey(%)
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30000 40000 50000
Above Ground Biomass (kg/ha)

Figure 13: Graphs illustrating statistically significant correlations between aboveground biomass
and (a) average subplot soil temperature°C; r = 0.38,p = 0.1) and (b) average subplot soil moisture

(%) in 2012 ( =-0.64;p = 0.002) atHuron Natural Area, Kitchener, ON.
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Table 17: Matrix of Pearson product-moment correlations between 2012 average, per-subplot,

species richness, above-ground biomass, soil temperature (j C) and soil moisture (%) at

Springbank Farm (rare Charitable Research Reserve), Cambridge, ON.

Species Above- Soil
Soil Tj
Factor Richness g'r ound o Moisture
Biomass
Species 0.22 0.07 0.23
Richness . ' ‘

Above-
ground -0.22
Biomass
Soil Tj 0.07
Soil
Moisture 0.23
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4.2 Discussion

Increased paced environmental degradation and species extinction, combined with a growing
acknowledgement of the multifaceted benefits of natural areas, have lead to an increase in the societal
demand for ecosystem restoration. For this reabene s a evergreatemeed for multivariate
research in ecological restoration meth@sisding, 2011)While protocols are relatively well
established forertain ecosystems (for example $sckard and Mutel, 199, 7scientists have only
recently begun to explore urban meadow restordtam a methodological perspectivi€laus,

2013) and there is still no published work on the éojpom North AmericaWorking on the premise
that the first aspect to address in restoring a terrestrial ecosydtesrsizil (¢. Bradshaw, 199y this
studytested a variety of techniques imeadow restoration, each one aiming to improve soil
conditions. The techniques ranged fromatine (fertilizer application) to promising but poorly
documented (native legume planting) to relatively novel (biochar treatment).

One caveat is thdhe effets of such treatmentdten only appeaisometime after their
application. lBrage legumepecies such as clovergan takeseveralseasons taccruesignificant
nitrogen capital in the sgiand native species may take even lor{Bancer et al., 1977bJThe full
impactof biochar on soil biota, nutrient cyclirmand plant growth can take ysdo become fully
apparen{Lehmann& Joseph, 2009;ehmann et al., 2011as the soil community adapts to the new
conditions provided by the materi&lative grasslangpecies often do not appear in a sward until
several years after they aseededFischeret al, 2013). Thaefore, theresults observed in this study
should be regardeaka test of the early impacts of restorati@uch early resultare interesting in
their own right, and they also offeontext to future monitoring efforidlurphy, 2005) Indeed many
of the resultsdiscussedn this chapterare significant andffer interesting insighinto meadow
ecosystem dynamics.

4.2.1 Soil conditions

Analysis ofedaphic factorsit both study sites demonstrated a number pbiant differences in
quality (see Table 2)The soil at HNA was sandy, while that at Springbank was alcéay. For both
sampling events, affutrient (besides nitrogesn 201) and organic matter levels were lower at HNA
than at Springbank. pHit both sites was in the basic raniget levels at HNA were significantly
higher than those at Springbarmik.all likelihood,moredifferences exist, in terms othernutrients

and micronutrientsas well asnycorrhizaland soil microfaunal diversity.

Such disparities are reflective of natufiettility gradients, but theljkely also relate to
historicd land use type and intemgi Importantly, they have implications regarding successional
pathways and restoration potentidiopbs& Cramer 2007).Soil texture has major impacts on such
factors as nutrient availability, water holding capacity, and rates of leadaindy soils dtin more
quickly than soils with a higér proportion of clayand therefore have higher rates of leaching and
lower Oinherent fertility(ancer et al., 1977byhile a major focus of this study was on increasing
the concentration of nitrogen in the seikter supply can also lzelimiting factor in plant growth. As
water becomes scarce, miakzation rates decrease and tiplentavailable nitrogen dwindlesf
nitrogen is already limiting, then the deficient plantsO shorter roots may compound the.g@oblem
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the other hand, if water levels increase to the point of saturation, oxygen can become scarce.
Productivity is highest when drying follows periods of wetness, pumping oxygen through the soil
(Thomson & Troeh, 1973). This suggests that restoration methods that increase the availability of
moisture to a reasonable extent might be as effective in increasing the success of plantings as those
that simply increase nutrient concentrations. Biochar, as recalcitrant organic matter with a fine
particle size, is known to increase soil moisture, especially in sandy soils. While this result was not
evident in the results of this study, other published works have established the correlation (Sohi et al.,
2009). If this property is demonstrated consistently, then it may serve as an important tool for
restoration practitioners.

In this study, fertilizer-treatment plots measured in the fall of 2012 did not have significantly
higher concentrations of nitrogen than controls. Given that they did not have higher levels of
productivity than other treatments, it seems likely that the nutrients were leached before the growing
seedlings could use them. According to Thompson and Troeh (1973), soils are generally leached if
they are subjected to cool and moist spring conditions. It is possible that applying a slow-release
fertilizer, or adding it gradually over the growing period, instead of prior to seeding, might be a more
effective and efficient use of the resource.

As mineral fertilizer provides an immediate supply of available nitrogen, it undoubtedly has
its place among restoration methods for extreme cases of deficiency, or where no nutrient capital
exists. On the other hand, it needs to be applied repeatedly, and its use is relatively costly (Dancer et
al., 1979). Its value on old-fields dominated by ruderal species, where a sward is already established,
can be put into question. An alternative is the use of symbiotic nitrogen-fixing microorganisms,
which can fix between 50 and 200 kg/ha/year (1-4% of which becomes available to plants). At that
rate, a significant store can build up relatively quickly. Given that planting nitrogen-fixing species is
cheaper and requires less effort than repeated fertilizer applications, Bradshaw (2002) has concluded
that the former is the superior restoration tool in temperate ecosystems where a large nitrogen capital
is required.

Exotic legume species (e.g. Trifolium repens, Tpratense, Medicago lupulinare already
prevalent at both field sites (Kastner, pers. obv.). Allowing these non-native species to remain in the
community, while promoting the establishment of native legume species, will allow the eventual
build-up of a significant nitrogen store. There was a consistent increase in nitrogen levels across all
treatments at both sites between sampling seasons (statistically significant at Springbank). The source
of this accretion is not obvious: it may be due to any combination of leached nitrogen fertilizer,
atmospheric deposition, symbiotic fixation and the mineralization of decomposing plant material
incorporated into the soil during tillage. Mineralization rates are known to be especially high during
hot and dry weather (Thompson and Troeh, 1973), as was experienced over the summer of 2012.

Available phosphorus levels can be a limiting factor for plant growth in some environments.
This is due to the fact that the nutrient is not fixed from atmospheric gases, as is nitrogen, but instead
is derived from mineral sources. Phosphorus has low levels of solubility (0.1% per acre), and
therefore low plant-availability, but this is balanced by its low leaching rates. However, in mildly
alkaline conditions with an abundance of calcium, typical of the Region of Waterloo (Martin & Frind,
1998), soluble P reverts to an insoluble form in hydroxyapatite (Cas(PO,4);OH; Thompson and Troeh,
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1973. Interestingly, at HNA, the site with the more basic soil pH, algreeind plant biomass was
significantly, and exclusively, correlated wiphosphorugevels for both sampling evenighis
suggests that plant growth at tisétemayin factbe phosphorugimited.

As is typical for urbarfFischeret al, 2013) and old field (Hobbs & Cramer, 2007) sites,
there wassignificantspatial heterogeneity in soil nutrient distribution. For example, in 2012,
phosphorusevels per subplaanged from 0.070t3.58 andL.54 to 8.30 pprwhile potassium levels
ranged from 0.2 to 1.3 and 1.1 to 7.9 p@rHNA andSpringbankrespectivelyAt HNA, there were
concentrations of rocky substrates in certain subplots that likely bear evidencedoilpdisturbance
at the siteAt Springbank, vigorous arichmediateplant growthoccurred in one subsection of the
plot following tillage in the fallindicating a localized area of particularly high fertilfi¢astner, pers.
obv.).

Either the treatments were ineffectiva in-plot heterogeneitypverrodeany treatmentelated
effectsthus faron plant establishment (see sections 4.1.2 and 4.1.3). Biomass was correlated
specificallywith phosphorugevels at HNA while it was associated with variossil factors(N, P, K,
OM) at Springbank. At both sites vegétat measures were generally mateongly correlated with
pre-treatment levels of soil factotkan with postreatment leveldt seems, therefore, that the
meadow communityeacted more strongly to local;$ubpbt conditions (those that were present
before any treatment was applied), than to any treatment effects

Resultsfrom otherrecenturban grassland restoration projdaicatethat spatidy
heterogeneous sitedlows the establishment native meadowgecies among the dominant ruderal
vegetation becausef thewide variety of microhabitatavailable(Fischeret al., 201B). This reflects
the positive relationship between heterogenaitgl species richnegsedicted by classical niche
theory(Kadmon & Allouche, 2007)

4.2.2 Vegetation establishment

The explicit goal of this project was psomoteplant species diversity by improving soil conditions

on old fields set aside for conservatiés in Foster anross(1998) a limited number of native

species not present (or uncommon) at the experimental sites were seeded in order to determine the
effectivenas of the treatments aiding in plant establishmerithis promotion of diversity is

common practice in habitat restoration projects, as a logical extension of the aim of conservation
projects to conserve native extant spe¢&evens et al., 2004%iven that only one of the five

species plantedRudbeckia hirtasuccessfully germinated and established in the treatment plots,
these results were omitted from the analy&ssuch, onlytotal species richness was used as an
indicator of treatment success. Total abgveund biomass was also assessed, as a measure of
productivity (as inMittelbachet al, 2001)

The results indiated thasoil fertility had a major influence on spes richness in our plots.
At Huron Natural Area, species richness was significaanlypositively correlated with 2011 soil
nitrogen and organic matter levels. Conversely, at Springbank Farm, species richness was
exclusively, significantlyandnegativéy correlated with 2012 soil nitrogen leve&oil treatments did
not have a major effect on species richness at either study site. The opposing trends of species
richness with respect to soil fertility levels seems to indicatecitiadra threshold exis whereby
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beyonda certain level of fertilitycompetitive exclusion prevents the establishment of certain species
or thatthe two different sitebave differinglimiting nutrients

In studies wherein limiting nutrients are added to herbaceous plant communities, a frequently
describedesult is increaskproductivity concomitant ta decrease in species richn@asster &
Gross, 1998; Vermeer & Berendse, 1988)eed, in a nitrogeaddition experiment in a successal
old field in Michigan, Foster and Gro€998)reported that nitrogen additigmomotedplant
productivity, whichin turndecreased species riclsseby suppressing subordinate forb spedibs
is congruent withgualitative observations by the author at Springbank Farm, whereby tall grasses
dominated highly productive subplots, while less productive subplots hosted a variety of grass and
forb speceés. This appears to occur through competition for light by living plants, as well as shading
and mechanicampedimentof germination and growthy litter (Foster & Gross, 1998%iven that a
natural or humamediated fireeegime may have been historically important in Southern Ontario (see
Section 2.2.5), it is conceivable that litter accumulation on the presgnfiresuppressethndscape
is having a particularly negative impact on native-&dapted species.

The productivityspecies richness relationship ferrestrialvascular plant communities has
generally been found to be unimodal, or Ohsimped@Mittelbach et al.2001; Waide et 311999)
Therefore, at most geographical scalesnimmber of speciewithin a habitat typevill increase up to
a certain level of productivitygenerally measured as standbigmass), beyond which competitively
dominant plants will dominate and exclude less adapted sp&biesnechanisms by which this
functions vary, but can include shading and litter accumulation, as discussed above, as well as
competition for resources and allelopat®uo and Berrf1998)describe a scenario wieby plants
must tradeoff between competition and colonization at different soil nutrient levels, allowing a
maximum number of species to coexist at intermediate levels.

The question of scale is an important consideratiban interpreting these trendsrF
example, the more productive site in our study also hosted the greater number of Sjoeesr,
within each site, the most productive subplots vedsethe most specigsoor. It would be interesting
to survey a greater variety of urban meadows terdgne whether these trends are widespread. It
seems that habitat heterogeneity is important in these cases in mediating species richness, by
providing niches where species may OescapeO competitively dominanfpleviesw of
publications describing ethbiomassspecies richness relationship also found that trends within
microhabitat sites differed from those across hab{tats & Berry, 1998)

An interestingresult is thediscrepancy between the apparent limiting nutrient and the one
affecting species richnes$ Huron Natural AreaBiomass at the site was significanpigsitively
correlated wittphosphorugdevels. Species richness, however, was positively correlatedewéls of
nitrogen and organic mattdt.seems, therefore, that a number of different factors affected plant
establishment at the site, defying the productigppgcies richness relationships described albsiva.
broad level, it seems that the mechanighereby higher levels of the limiting nutrient leads to higher
productivity and, consequently, the competitive exclusion of less dominant species applies to the
study site. Indeed, species richness was negatively correlated with biomass at the sitehéhough
relationship was moderate and not sigr@fit. However, it may be that arrelatively speciepoor
and highly heterogeneous urban site such as this one, a diversity of species can coexist on small
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pockets of nitrogenral organic matterich soil. If the apparenphosphorusimitation of the site is

indeed due to its alkaline natudand thus soluble B being sequesterdwy calcium (as proposed in
Section 4.2.1pthenat a highly local levelareas of lower pH may have greater concentrations of
plant-available PBoth organic matter and certain nitrogenous compoundsnangn to lowempH due

to their propensity for proton release (Thompson & Troeh, 197®&)llows that micresites of
Oreleasef@®m phosphorudimitation may existn areas containig more fertile, organic soil. This

could explain theelevatedspecies richness of subplots with higher nitrogen and organic matter levels.

Foster and Gro94.998)found that despite sontendranceby litter, A. gerardii, their target
native species, was able to germinate from seed and establish mature plants on control plots. On their
experimental nitrogerand/or litteraddition plots, howeverhe recruitment of that species was fully
inhibited. Thisled them to conclude that propagule availabjlag opposed to inhibition from
established vegetatiomas the major factor preventing the establishment of that species. Their study
site, amoderatdy productivesuccessiondield in Michigan, is likely comparable ®pringbank
Farm, and perhaps in some respects to Huron Natural Area. From a restoration perspective, their
result suggests that seeding alone may be sufficient to reestablish abserspeties into a
grassland ecosystem. While the seeding aspect of this experiment was not successful (gkcept for
hirta), this may be dueat least in parto its short lengthCertainly the results from Springbank Farm,
where nitrogen levels and spesirichness were inversely related, do not suggest that nitrogen
addition is a necessary restoration timothat contextThe situation at Huron Natural Area is more
complex. Given the positive relationship observed between nitrogen and species ritimess,
conceivablehat addition of the nutrient maagsistin the establishment of desired species. However,
exploiting the natural heterogeneity of the site, or adding eoffreupplenent such as biochar, which
may promotenutrient cycling, might be prefred.The implications of the apparepitosphorus
limitation on the site should be explorkather.

4.2.3 Soil temperature and moisture

At both study sites, abowground plant biomass was negatively correlated with soil temperature, and
positively correlated with soil moisture. While the relationships were statistically significant at Huron
Natural Area, they were not so at Springbank Farm. It is likely that this inconsistency is due to the
lesser water retention capacity of HNAOs sandy soils e¢ethpmSpringbankOs cllam. This

difference in drainage ould accentuatany cooling and moisturiolding effects of the standing

plant matter and litterAt both study sites, soil moisture and temperature were moderately but not
significantly negativel correlatedThere were naignificanteffects of treatment on the soil
temperature omoisture of the subplots.

It has previously been reported that biochar has water retention cap@ute®t al., 2009)
but this was not evident in the results of this experimeig.possible that the quantity of biochar
applied was insufficient to observe a significant result. Alternatively, it may be that the sampling
frequency was insufficietnto detect major differences. Evdrbiochartreated plots only retain
moisture for a few hours or days longer than control plots, this may be ecologically significant but
difficult to identify without very frequent samplinghere s also evidencin the literaturg¢hat mean
soil temperature and diurnal temperature fluctuations are impacted by biochar, through its effect on
soil colour(Sohi et &, 2009) It might be expected that on tilled soil, biocharOs dark celoutd
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lead to a significant increase in temperature by absorbing a broader spectrum of solar radiation than
the surrounding substrate. This would be especially evident in the springtime when much of the soil
surface is exposed to direct sunlight. While no effect was noted in the results of this experiment, this
could be due to the quantity of the additive applied, or to the depth at which soil temperature was
measured. If biochar did have a significant effect on soil moisture and temperature, this could impact
the speed and success of seed germination and plant establishment.

It is a well-established principle in soil science that organic matter is crucial in water
retention (Thompson & Troeh, 1973; Bradshaw & Chadwick, 1980), due to its effects on pore size,
bulk density and chemical properties. It also acts as a store of nitrogen and other nutrients. A positive
feedback mechanism may exist whereby areas with higher organic matter retain more moisture and
have higher nutrient levels, allowing a greater plant biomass to develop, which then adds to the
organic matter stock through decomposition. At HNA, pre-treatment organic matter — along with
nitrogen — was significantly positively correlated with species richness.

Conversely, at Springbank, pre-treatment organic matter — along with along soil nutrients
measured — was significantly positively correlated with biomass. While this implies that the two sites
are at different points along the productivity-species richness gradient (as discussed in Section 4.2.2),
it also emphasizes the importance of organic matter in soil function. Biochar increased organic matter
levels at both study sites compared to controls (significantly so at HNA). These results support the
notion that biochar may be a useful soil amendment for restoration, particularly at relatively infertile,
well-drained sites.

It is difficult to quantify the effects of extreme weather on the experimental results. The
months of June and July 2012 were particularly hot and dry in Southern Ontario. Average soil
temperatures on June 28, 2012, at a depth of 10cm, were above 30jC at both study sites. Between
June 24 and July 19, mean soil temperature was nearly 4jC higher at HNA than at Springbank, while
moisture was over 23% lower at the former site.

This is likely related to a combination of soil type and surrounding environment (notably,
there is a hedgerow at Springbank which shaded the study plot at certain times of day). The extreme
weather had a greater impact at HNA than at Springbank, where plants appeared withered and
significant mortality may have occurred throughout July (Kastner, pers. obv.). This occurrence likely
had a major impact on biomass measurements at the end of the season. While no specific treatment
appeared to fare better than the others in this experiment, adapting restoration strategies to the
climate, and the effects of climate change in particular, is now an important consideration (Harris et
al., 2006). The negative impacts of the drought, at both sites, were more evident within the tilled plots
than on the surrounding vegetation. The merits of tillage as opposed to alternative restoration
techniques will be discussed in the following section.
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4.2 .4 Future directions

The interconnected issues of environmental degradation and species loss are entering the public
consciousness as well as the mainstream political agenda. Ecological restoration is at the top of the
list of policy solutions, and a wide range of actors is engaging in the practice. A key role for academic
researchers will be providing timely and practical restoration guidance. This requires identifying
processes that can be modulated to great effect, and this is best achieved through a multivariate
approach (Suding, 2011). A pragmatic, and increasingly prevalent, perspective on the role of
restoration science is that the focus should be on efficiency and optimal return on investment (De
Groot et al., 2013). Hobbs et al. (2011) describe the process as the search for leverage points:
opportunities for intervention whereby a small change can lead to a major shift in behaviour. Such
leverage points can lie both within internal system properties and in rules and paradigms constructed
around the system.

Within the realm of grasslands, one relatively entrenched principle — indeed it was adopted by
this project — is that a necessary step in restoring a field is to till it. This appears to stem from the
discipline’s agricultural, or “gardening”, legacy (Jordan, 2003). An alternative method, albeit rarely
employed, is to simply spread the seed of target species within existing old-field sod. Called
interseeding, this method was first investigated, with success, by Henry Greene in tallgrass prairie
restoration experiments at the University of Wisconsin-Madison Arboretum.

In a prairie ecosystem, not only do desired species eventually establish themselves within,
and then replace existing vegetation, but also the method seems to favour rare species that are absent
from sites restored by traditional till-and-sow methods (Jordan, 2003). This method has important
theoretical implications, raising questions about succession, establishment niches and grassland
dynamics. The idea that tillage is not necessary, and may in fact sometimes be counterproductive,
moves this technique away from traditional methods and closer to ecologically sophisticated
approaches to forestry or range management (Packard and Mutel, 1997). This idea does resonate with
old-field theory, given that ruderal, often non-native, species are particularly well adapted to disturbed
ground (Hobbs & Cramer, 2007). It should be noted that the effectiveness of this technique has been
disputed (Rowe, 2010). Klaus (2013) suggests that a no-plow technique might be appropriate for the
urban setting, where authorities are often interested in low-cost alternatives. It would be interesting to
compare interseeding with till-and-sow methodology in a long-term experiment on an urban meadow
ecosystem.

A technique for grassland restoration that is being increasingly employed in Western Europe
is the transfer of seed containing plant-material, usually in combination with some form of
mechanical disturbance to the existing sward (Fischer et al., 2013b; Schmiede, Otte, & Donath,
2012). This technique, in a recently published experiment, has proven to be as effective in
establishing target grassland plant species as a seeding trial (Fischer et al., 2013Db).

An advantage to this technique is that the plant material provides some physical protection to
the propagules. On the other hand, it provides less direct control over the exact species mix to be
disseminated. It is economical if “reference” sites of appropriate size and quality are available
relatively near the site to be restored, and if harvesting equipment is available. A hurdle in applying
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this technique for meadow restoration in the Southern Ontarian context may be finding suitable
reference sites. Regardless of restoration methodology, it seems that the primary impediment to
grassland restoration on the modern-day landscape is dispersal limitation (Fischer et al., 2013a; Foster
& Gross, 1998; Hedberg & Kotowski, 2010; Klaus, 2013). Even within a site, the speed of
colonization of meadow species can be quite slow, rarely exceeding ten metres per year. For this
reason, fast spread cannot be expected when introducing species into small, isolated patches on a
restoration site (Hedberg & Kotowski, 2010).

While restoration ecology has generally focused on returning an ecosystem to a pristine state
based on a historic ideal, some researchers propose that it may sometimes be misleading to suggest
that this is possible (Hobbs et al., 2011). Increasingly, the notion that the discipline should shift its
aim towards the provision of ecosystem services and resilience against future environmental change
has been gaining traction (Choi, 2007; Hobbs & Harris, 2001; Hobbs et al., 2006; Jackson & Hobbs,
2009; Shackelford et al., 2013; Suding, 2011). Nowhere are these concepts more apt than in the urban
context, where the potential for intervention (SsensuHobbs et al., 2011) is great, but the lack of
historical analogs can be difficult to negotiate (Handel, Saito & Takeuchi, 2013; Standish et al.,
2012). There have been very few studies on the enhancement of urban grasslands that take into
account the peculiarities of their setting.

The few that have, however, suggest that there is ample scope for the restoration of native
biodiversity, while recognizing that the competition from ruderal and non-native species will be more
pronounced than at rural sites (Fischer et al., 2013a; Klaus, 2013). Fischer et al. (2013b) propose that
a target community for urban meadows need not be predefined, but that instead the native species can
be integrated into a community including non-natives as part of a novel assemblage. They emphasize
that many native species can be established in heterogeneous urban soils, to the benefit of their
pollinators and other wildlife as well as contributing to the conservation of regional genetic diversity.
The also note that planting on extant soils, as opposed to amending, importing or stripping topsoil,
may be beneficial both from a conservation perspective (in providing a diversity of niches) and a
recreational perspective (in producing structural diversity).

Meadows are an early successional ecosystem: in temperate zones, they are created through
the disturbance of their forested matrix. If not maintained, they are colonized by woody vegetation
within a matter of decades (see Section 2.2.5). The combined forces of development, rural
depopulation (particularly in Europe), the loss of megaherbivores and the disruption of fire regimes
have led to a massive loss of grasslands worldwide (Navarro & Pereira, 2012; Nowacki & Abrams,
2008). In Southern Ontario, widespread clearing for agriculture and urban development has lead to
the loss of much of the vast majority of the province’s grasslands (Bakowsky & Riley, 1994), and the
regional extinction of its largest herbivore (Cervus elaphusBellhouse & Broadfoot, 1998).

The majority of old fields in the province end up either slated for development, or return to a
forested state (Milne & Bennett, 2007). Given the importance of grasslands for conservation, and the
potential for their restoration in urban areas, a major consideration will be determining their optimal
maintenance regime. While prescribed burning may be difficult to implement in some urban contexts
(Handel et al., 2013), it may be particularly valuable to some species. Alternatively, the ideal timing
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and frequency of mowin{Berendse et al., 1998) grazing for the promotion of biodiversitill
need to be determined.

50



4.3 Conclusions

In a recenvaluation studyoy De Groot et al2013) the benefits of investing in the restoratmrany
terrestrial ecosystem surpadgshe costslnterestingly, he highestbenefitto-cost ratioproposed in

the study was for grassland ecosyste@rsthe low end, they estimate the value at 5:1, while in their
bestcase scenario, the bendfitcost atio for grasslands is of 35:1. The authors add that in most

cases, certain benefits are not captured by the analysis, suggesting that the figures are underestimates
of theactualwelfare effecs of restoration. In the case of urban grasslands, many bkthefitsare

relatively intangible, such as engaging community members in the process, restoring peopleOs
connection to nature and reinforcing the place of people in natural sySeackelford et al., 2013)
Furthermore, restoration offers the opportunity to educate the public on the intricacies of ecosystem
function and the value of stewardsli§tandish et al., 2012)

There is a major research gap when it comes to the restoration ofguasatandsVery few
studies on the topic exist, and those that do originate exclusively from Western Bsyss 2013)
The studies that have been published demonstratartbeat grasslands have a high biasity
potential(Fischer et al., 2013a; Fischer et al., 2018bygsuggest that the restored system should be
considered as a novel ecosystaduneto theinevitable ecological differences with historical analogs
To my knowledgethisexperimenis the first in North American the restorationfeaneadows in an
urban context. More studies, covering toenpletesocioecological gradienwill contribute to
develging an effective restoration protocol for the ecosystem. Longitudal studies will be especially
effective inshedding light orthe dynamics of urban meadsytheir responses to different treatments
and management regimes and their value to wildlife andahurisitors.

No major treatment effects were evident infindings of this study. This may be due to their
nature, their interactions whitsite conditions, or simplhe shortduration of the experiment. The
reailts of the literature reviewuggest thiawhile chemical fertilizers are effective in providing plant
useable nitrogen in the immediate, legume species are a more economical and effectareiong
solution forincreasing site fertilityBiochar has potential as a soil amendment, in particofawél-
drained sites with disrupted soil biota, but more studies adedde demonstrate is utility for
restorationprojects Recent publications propose thasides the most extrernases, however, extant
soils may be adequate for the restoratiodieérse grassland communities in an urban context. The
difference in soil conditions between study sites, and the heterogeneity within sites, was
consequential on the development of their respective plant communities. Specificaltgapmeent
nutrient cacentrationsvere influentialon both species richness and productivity. These results
illustrate thecritical importance of initial site conditions in affecting the outcome of a restoration
project.
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