The effect of ecosystem change, restoration, and plant diversity on thermally imaged surface temperature

by
L. Jonas Hamberg

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Social and Ecological Sustainability

Waterloo, Ontario, Canada, 2020

©L. Jonas Hamberg 2020



Examining Committee Membership
The following served on the Examining Committee for this thesis. The decision of the Examining

Committee is by majority vote.

External Examiner Dr. Dawn Bazely

University Professor, York University

Supervisor(s) Dr. Stephen Murphy
Professor & Associate Director, Undergraduate
Studies, University of Waterloo

Internal Member Dr. Andrew Trant
Assistant Professor, University of Waterloo

Internal-external Member Dr. Derek Robinson

Associate Professor, University of Waterloo

Other Member(s) Dr. Roydon Fraser

Professor & Teaching Chair, University of Waterloo



Author’s declaration

This thesis consists of material all of which | authored or co-authored: see Statement of Contributions

included in the thesis. This is a true copy of the thesis, including any required final revisions, as accepted
by my examiners.

I understand that my thesis may be made electronically available to the public.



Statement of contribution

This thesis consists of five chapters (including an Introduction, three data chapters, and a Conclusion). L.
Jonas Hamberg is the primary author of all chapters and is exclusively responsible for their preparation,
under the supervision of Dr. Stephen Murphy. Chapter 2 has been published as a peer-reviewed article in
the journal Ecological Indicators. L. Jonas Hamberg was the first author of this article and designed the
methodology, performed the analysis, and wrote the manuscript. As part of the process of preparing the
manuscript for publication, the committee (Dr. Murphy, Dr. Robinson, Dr. Fraser, and Dr. Trant) were
co-authors and provided language edits and suggestions on analysis. Ecological sampling data in Chapter
2 was provided by the Nature Conservancy of Canada and was sampled by their field-staff.

The research presented in Chapters 3 and 4 were conducted as part of an NSERC-CRD grant with
Dr. Stephen Murphy as Pl and with post-doctoral researcher Dr. Paul Richardson. Dr. Richardson
designed the majority of the topsoil transfer experiment, with input from L. Jonas Hamberg. Test-
transfers of soil were overseen by L. Jonas Hamberg. Topsoil transfer was undertaken by the staff of
Clearview Nursery and overseen by Dr. Richardson, L. Jonas Hamberg, and, to a lesser extent, Andrew
Moraga. All vegetation sampling, soil sampling, and tree measurements used in these chapters were
overseen by L. Jonas Hamberg and performed by him and research assistants Rohit Verma, Payton
Landsborough, Yasmeen Taghreed, Krista Birtles, Gillian Glover-Sams, Drew Welsh, Sara Ghods,
Thanya Aat, Hiba Adel EIMiari, Leticia Walter, Erik Ford, Madison Haller, and Javid Said-zadé. The
UAYV was piloted by Rohit Verma, overseen by L. Jonas Hamberg. The manual extraction of temperature
data from thermal images in the FLIR Thermal Studio software in Chapter 4 was overseen and verified by
L. Jonas Hamberg, with part of the extraction of data done by research assistants Sara Ghods and Leticia
Walter. Dr. Derek Robinson and Benjamin Meinen collected the optical imagery and elevation data used
in chapter 4. Benjamin Meinen created the digital elevation model used for elevation measures in Chapter
4.



Abstract

The objective of this dissertation was to test and quantify the hypothesis from ecosystem
thermodynamics: that the surface temperature of a terrestrial ecosystem changes with the state of the
ecosystem in general, and with plant species diversity in particular. Daytime surface temperature of
vegetated terrestrial ecosystems has been hypothesized to decrease with increased biomass and diversity
as they in turn increase transpiration, respiration, physical thermal inertia, and productivity, thereby
reducing the portion of energy re-emitted as thermal radiation. The hypothesis is tested, and the results
and applications are discussed, within the context of ecosystem restoration.

I investigated the relationship between ecosystem surface temperature and time since restoration,
type of restoration methods, and changes in ecological attributes, including plant species diversity, in two
projects restoring temperate wooded ecosystems.

The first restoration studied, described in Chapter 2, was a 500+ ha project restoring farmland to
oak woodland, spread over 31 fields. Thermal images from 4 space-based instruments along with 12 years
of in-situ sampled ecological data of the project were analyzed and compared. Significant decreases in
daytime summer surface temperature (4.5 °C in 12 years), and summer diurnal temperature variation (5
°C in 8 years) over time since restorations were found. The study also found a significant relationship
between increased plant species diversity and decreased surface temperature when controlling for plant
cover and other vegetation attributes. Native plant species had a more pronounced relationship with
surface temperature than exotic ones. The results from this study supported the hypothesis, quantified its
effect, and showed how thermal imaging from space-based instruments may be used to assess the
progress of restoration and the increase in species diversity.

The second project studied, in Chapters 3 and 4, was of application of multiple overlapping
restoration treatments to experimental plots at two former farmland sites already planted with trees, and
one abandoned gravel pit. The main experimental restoration treatment was the transfer of topsoil from a
donor forest. On top of the topsoil, further additions were made of woody debris, shrub plantings, and
shade shelters. In-situ sampled ecological differences between experimental restoration treatments and
controls were assessed in Chapter 3 and thermal differences in Chapter 4.

Results from Chapter 3 indicated that most native forest plant species survived within the topsoil
as it was transferred from the forest, and re-sprouted in the experimental plots on the second season after
the transfer. The plant species community of topsoil recipient plots was significantly different from both
recipient and donor site control plots as it contained both the transferred plant species and the species
already present at the recipient sites. There was no significant effect on the plant community found from

the woody debris, shrub plantings, or shade shelter treatments.



Since significant ecological differences were found in Chapter 3, it would be possible to find
thermal differences in the same plots in Chapter 4 if the hypothesized relationship was true. To overcome
the spatial and temporal resolution limitations of space-based instruments, an Unmanned Aerial Vehicle
(UAV)-borne thermal camera was utilized to image the sites four times per day over 9 days. It was found
that topsoil recipient plots in the gravel pit site, as well as the smaller and flatter of the two reforestation
sites, had significantly lower temperatures than controls (7.0 °C and 2.0 °C respectively) and that the
difference in temperature peaked at 2 pm. In the larger and more heterogeneous reforestation site, the
normalized surface temperature was only significantly lower than controls (0.7 °C) at 8 pm. There was a
significant negative correlation between native forest plant species and surface temperature at all three
sites.

The combined evidence from the two projects studied was that temperate wooded ecosystems
undergoing restoration decreased in their daytime surface temperature and diurnal temperature variation
over time, and compared to controls. This decrease is partly due to increasing species diversity. These
results support the existence and the direction of the hypothesized, and before this mostly untested,
relationship between ecosystem change (including species diversity) and temperature. It also provides
examples of the relative significance and quantity of the same relationship using more ecological, and
thermal imaging, data over a longer time-span than in previous studies. Both Chapters 2 and 4 found
evidence for native and later succession forest plant species having a stronger effect on surface
temperature than non-native and ruderal plant species. The dissertation makes a case for thermal imaging
to be used both to evaluate and monitor the progress of restoration, and to quantify the ecosystem service
of thermal buffering provided by restoration. It also demonstrates the relative strengths and limitations of

space-based and UAV-borne thermal imaging instruments.
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Chapter 1. Introduction

“The intermediate forms assumed by solar energy until it falls to terrestrial temperatures can
be fairly improbable, so that we can easily use the transition of heat from the sun to earth for
the performance of work!” — Ludwig Boltzmann, 1886

1.1. Objective

The objective of this dissertation was to test and quantify the hypothesis from ecosystem thermodynamics
that a terrestrial ecosystem’s surface temperature changes with the state of the ecosystem in general, and
with plant species diversity in particular. The hypothesis is tested, and the results are quantified and
discussed, within the context of restoring temperate wooded ecosystems. The discussion is especially
focused on applying thermal imaging to restoration to evaluate and monitor its progress and to quantify
the thermal buffering ecosystem service it provides. Two restoration projects are studied in this
dissertation, one in Chapter 2, and the other in Chapters 3 and 4. Chapters 2 and 4 explore the objective
directly, through the use of different technologies (space-based versus Unmanned Aerial Vehicle (UAV)-
borne thermal imagers), sites, and restoration methods (Table 1.1), but asking similar questions?:

1. Does restoration of wooded ecosystems decrease its daytime summer surface temperature, and if
so, by how much, either over time (Chapter 2) or by type of restoration method (Chapter 4)?

2. When during the day is the thermal buffering effect of the restoration the most pronounced
(Chapter 4) and could restoration increase relative nighttime temperatures, thereby decreasing
diurnal temperature variation (Chapter 2)?

3. What is the relationship between plant species diversity (native and exotic) and surface

temperature, when taking into account total plant cover and other ecological attributes?

Chapter 3 tests the relative ecological success of different restoration methods, including forest
topsoil transfer, in moving the restored sites towards a state more like reference forest sites. Through this
testing, Chapter 3 provides the necessary in-situ measured ecological data for comparisons to be made
with surface temperature data in Chapter 4. Chapter 3 is tied to the main objective in that if there were no
ecological differences between treatment and control plots found in that chapter, then there would be no
reason to expect finding surface temperature differences in Chapter 4 experiments, and therefore no way

of answering the dissertation questions.

! Work, in Boltzmann’s writing and in thermodynamics in general is defined as any process in a system which exerts
force on its surroundings. This includes any work by an ecosystem, including photosynthesis and transpiration.
2 Chapter 4 combines the first and second dissertation question into one combined question in the chapter.

1



Table 1.1: Details of the two projects studied, illustrating how they attempt to answer similar questions at

different sites and with different thermal imaging instruments.

Sites and data collection details

Project 1 (Chapter 2)

Project 2 (Chapter 3 & 4)

Location

Norfolk County, Ontario, near
Long Point and Lake Erie

Simcoe County, Ontario, partially
on the Niagara escarpment

Site conditions before restoration
method tested was implemented

Active agriculture

Former agriculture sites planted
with trees (2 sites) and gravel pit

Type of restoration treatment
tested

Oak woodland restoration by high
diversity seeding of mid and late
succession species

Topsoil transfer from forest, woody
debris, shrub planting and shade
shelters (described in Chapter 3)

Period of implementation of
restoration

First site (out of 31) initially
restored in 2006, last site initially
restored in 2013

Trees planted in 2015 and 2016,
topsoil transfer in fall 2017,
additional treatments fall 2017 —
spring 2018

Ecological data collector

Nature Conservancy of Canada
trained staff (2007-2018)

Author and research assistants in
2019 (described in Chapter 3)

Ecological attributes sampled and
measured

Abundance of plant species, ground
cover, canopy cover and number of
woody stems

Abundance of plant species, ground
cover, diameter and height of trees
(described in Chapter 3)

Thermal imaging platforms and
instruments

Landsat 5 (TM), 7 (ETM+) and 8
(TIRS) satellites and the
ECOSTRESS instrument on the
International Space Station

UAV quadcopter with DJI Zenmuse
XT2 - FLIR Tau 2, uncooled
microbolometer (Chapter 4 only)

Thermal imagery collected and
used

53 thermal images during summer
(May 31st to September 31st), over
17 years, one image covered all
sites

Multiple imaging flights per day,
over 9 days in July and September,
2019, totaling 98 flights, collecting

1080 images (Chapter 4 only)

Tests of dissertation questions

Chapter 2

Chapter 4

1. Testing and quantifying
temperature change due to
restoration

Linear mixed effects model and
repeated measures correlation of 31
field sites compared before and
after restoration over 17 years
(2002-2018)

ANOVAs on linear mixed effects
models of surface temperature of
topsoil recipient plots versus
controls at 3 sites

2. Comparing differences in
temperature change at different
times of the day

Linear mixed-effects model and
repeated measures correlation of
day and nighttime surface
temperature of 19 sites of different
age since restoration during
growing season 2018

ANOVA:s, as above - comparing

surface temperature difference of

plot-types at 12, 2, 4 and 8 pm in
June and September

3. Relationship of surface
temperature with plant species
diversity and other ecological

attributes

Multiple linear regression of
ecological data from 59 2x2 m
sampling plots in 3 sites under
active and passive restoration

against normalized surface
temperature over 12 years

Correlation analyses of plant data
from 150 2x0.5 m sampling plots,
and size of all planted trees in 25
12.5 x 10 m plots against
normalized surface temperature in
July 2019

2




1.2. Why focus on restoration of temperate wooded ecosystems?

Increased loss and degradation of forests, and other wooded ecosystems?, due to human development, has
led to a global decrease in biodiversity and ecosystem services such as carbon sequestration, soil
protection, pollination, and water filtration (Chazdon, 2008; Costanza et al., 2014; De Groot et al., 2002;
Lof et al., 2019; Sutton et al., 2016). Temperate forests and woodlands are threatened by invasive species,
tree disease, and climate change, and have been cleared for agriculture and mono-culture tree plantations
in many parts of the world (Millar and Stephenson, 2015; Newton and Featherstone, 2005). Specific types
of temperate forests and woodlands are especially threatened. For example, less than 1 % of the historical
extent of oak woodland, the focus of Chapter 2, remains in Ontario (Bakowsky and Riley, 1994).
Translated into economic terms, ecosystem services provided by temperate forests are estimated to have
been worth $US 9.4 trillion per year in 2011 (Costanza et al., 2014), which would equate to 13 % of
global GDP in the same year (World Bank, 2020).

Ecosystem restoration is the process of assisting and guiding the recovery of degraded or
destroyed ecosystems (Clewell et al., 2004). When implemented successfully, restoration can change the
ecosystems successional trajectory (Choi et al., 2008; Suding and Gross, 2006; Walker and del Moral,
2009) and increase the speed of its recovery (Dobson et al., 1997; Suding, 2011); thereby returning many
of the sought after ecosystem services (Benayas et al., 2009; Chazdon, 2008; De Groot et al., 2013;
Perring et al., 2015). Due to the increasing need to recover ecosystem services, and the potential of
restoration to do so, there have been multiple calls for scaling up restoration efforts massively (DellaSala
et al., 2003; Lof et al., 2019; Suding et al., 2015). Prominent among these calls are the 2011 Bonn
Challenge, where nations committed to restore 350 million ha of degraded and deforested terrestrial
ecosystems by 2030, (Suding et al., 2015), and the United Nations declaration of 2021-2030 as the
‘Decade on Ecosystem Restoration” (Aronson et al., 2020; Young and Schwartz, 2019).

1.3. Why does cooling and thermal buffering matter in restoration?

A vegetated ecosystem decreases its surface* temperature by transforming and storing some of the
incoming solar energy through transpiration, respiration, and production of new biomass (Bonan, 2008

chap. 16-18; Schneider and Kay, 1994), which decreases the proportion re-emitted as radiated thermal

3 The term ‘wooded ecosystems’ are used to refer to both closed canopy forests and more open woodland, such as
the oak woodland restoration project presented in Chapter 2.

4 Surface is referred to in this dissertation as the surface as seen by the thermal imager from above, which in a closed
canopy forest means the canopy, or in the case of an more open woodland, or area undergoing restoration is a mix of
the ground vegetation layer, soil, and canopy.



energy (sensible heat)®. In one study of a temperate mature forest ecosystem, 49 % of the energy absorbed
by the forest was transformed into latent heat through evapotranspiration® and 2.5 % was transformed and
stored through respiration and production of new biomass (Gosz et al., 1978).

The relative decrease of extreme or peak temperature by vegetation, referred to as thermal
buffering (e.g. Aerts et al., 2004; Lin et al., 2020; Wagendorp et al., 2003) or temperature regulation
(Costanza et al., 1997), has been considered an ecosystem service under the wider umbrella of climate
regulation (Betts et al., 2018; Costanza et al., 1997; Lin et al., 2020). However, while it has been
discussed within the context of urban heat island effects (e.g. Jenerette et al., 2011; Livesley et al., 2016;
Rafiee et al., 2016) and green-roofs (e.g. Maclvor et al., 2016; Simmons et al., 2008), the service of
thermal buffering provided by vegetated ecosystems has not yet been explored or quantified within
the field of restoration ecology. Many large reviews and studies on ecosystem services affected by
restoration have not included thermal buffering, or similar concepts, at all (e.g. Barral et al., 2015;
Benayas et al., 2009; Birch et al., 2010; Bullock et al., 2011; Palmer and Filoso, 2009); even though the
value of thermal buffering to restoration funders and stakeholders could be high.

Areas affected by human development, such as quarries, pits, roads, and farm-fields, can all have
increased daytime summer temperature compared to forests and other vegetated natural ecosystems under
the same weather conditions (Holbo and Luvall, 1989; Lin et al., 2020; Tuff et al., 2016). These
developed areas can also increase local temperatures into the edges of adjacent areas (e.g. Delgado et al.,
2007; Robinson et al., 2009; Tuff et al., 2016). If the adjacent areas are natural ecosystems, including
forests, then plant and animal life could be adversely affected if temperatures rise beyond their tolerance-
limit (e.g. Hijmans and Graham, 2006; Jiguet et al., 2007; Tuff et al., 2016). If the adjacent areas are
urban instead, then the increased peak temperatures can decrease human well-being (Douglas, 2012;
Heaviside et al., 2017). Conversely, if the restoration of ecosystems can re-establish the cooling and
buffering effects of more natural terrestrial ecosystems, and size of this effect can be quantified, it can
become an effective argument for more restoration in both rural and urban areas.

Exploring the relative cooling and thermal buffering effect of different ecosystem restoration
methods could also lead to new methods for evaluating and monitoring the progress of restoration of
wooded ecosystems. Through measurements from flux-towers, two studies have shown that temperature

buffering ability increases as forests increase in age and height (Lin et al., 2017b) and decreases in forests

5 Heat is energy in transfer, and sensible heat is the transfer of energy that can be measured as a temperature change.
Latent heat is the energy that is transferred through a phase change, due to a shift in volume or pressure — including
the change of water from liquid to vapor (Cengel and Boles, 2008 chap. 3).

& Evapotranspiration refers to both transpiration from plants and evaporation from soil. For forested ecosystems the
active transpiration of plants tends to dominate over passive evaporation, and can make up over 90% of the total of
evapotranspiration during the growing season (Jasechko et al., 2013; Wilson et al., 2001).
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that are considered more degraded (Lin et al., 2017a). An earlier study using an airborne thermal infrared
scanner also showed that younger recovering forests and plantations were warmer than older forests
(Holbo and Luvall, 1989). Through thermal imaging from UAV, one study has shown that relative surface
temperatures of diseased trees increase in semi-naturalized tree plantations (Smigaj et al., 2019). Water
stress has also been shown to increase surface temperatures in monoculture tree plantations (e.g. lizuka et
al., 2018; Ludovisi et al., 2017). With the results from these studies in mind, it seems plausible that the
relative progress of a forest restoration project could be evaluated and monitored by its ability to cool and
buffer temperatures through mapping and comparisons over space and time. Aside from a single one-year
study conducted using hand-held infrared thermometers (Aerts et al., 2004), the use of surface
temperature for monitoring and evaluation has not been explored within the field of restoration ecology.

1.4. Why does it matter when the cooling and buffering occurs?

The surface temperatures of ecosystems decrease as incoming energy from the sun is stored and
transformed. Some of that energy is only stored for a short period — minutes to hours — either as
physically stored thermal inertia’ (Jayalakshmy and Philip, 2010) or as chemical energy stored in the
respiration process. The respiration process uses energy taken up during the day, releasing some of the
remaining energy as sensible heat during the night. With an increase in biomass, the capacity to
physically and chemically store energy increases, and more of it is released later in the day, and into the
evening and night, leading to increasing temperatures away from the daytime peak (Chen et al., 1999; e.g.
Lin et al., 2020). In this way, recovery after ecosystem restoration could be evaluated not only by how
much it lowered high temperatures during the day, but also on how it raised low temperatures at night —
or, taken together, by the range of diurnal variation in surface temperature (Figure 1.1), as explored in the

second experiment of Chapter 2.

" Thermal inertia is the relatively slow conduction of energy through a material, which is based on the material’s
heat capacity and its conductivity (Jayalakshmy and Philip, 2010; Kondepudi and Prigogine, 2014).
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Figure 1.1: lllustration of hypothesized difference in diurnal temperature variation of a forest ecosystem
early after restoration versus later. The same illustration also works for comparing the difference between
same-aged projects where the restoration effort was more or less successful. Projects and sites can be
compared by subtracting temperature variations at the same two points in time (lines with arrows), near their

daily maximum and minimum temperatures.

It should not be assumed that the diurnal pattern is always that surface temperature is buffered
most at the time of peak incoming radiation, or highest overall temperatures. For example, in a very hot
and arid climate, where plants would shut down their activity during the mid-afternoon to preserve water
(Chaves et al., 2016) it may be that more cooling occurs later in the day and evening when transpiration
resumes. Exploring when during the day thermal buffering was most pronounced for our temperate forest
site in southern Ontario is part of the contribution of Chapter 4.

Humans, non-human animals, and plants all have rhythms of activity during the day and night
(circadian, or otherwise), and it matters not just how much thermal buffering happens but also when it
happens. A relative increase in nighttime temperature during the growing season could be a benefit for
some organisms that cannot regulate their own temperature well, such as ectothermic lizards (Kearney et

al., 2009; Tuff et al., 2016). For humans in urban settings, cooling is most sought after during summer



afternoons, as evidenced by air-conditioning usage (e.g. Salamanca et al., 2013). If it can be shown that
restored ecosystems not only cool average surface temperatures but that they do so at times when cooling
is needed the most, then it adds further to the argument for the thermal buffering service of restoration,

whether urban or rural.

1.5. Why explore the relationship between surface temperature and diversity?

Increasing biodiversity is often considered both a goal and a measure of restoration project success
(Benayas et al., 2009; Bull et al., 2013; Bullock et al., 2011). Studies based on the thermodynamics of
ecosystems have hypothesized that species diversity, along with increased trophic, structural, and
functional complexity, could further increase the cooling and temperature buffering of ecosystems (Fraser
and Kay, 2004; Kay, 2000; Schneider and Kay, 1994). If we can establish that temperature buffering
increases not just with biomass but also with plant species diversity, then thermal imaging becomes a
much more interesting and useful tool for ecosystem evaluation and monitoring.

The mechanisms through which increased biodiversity could decrease and buffer surface
temperatures are indirect. Increased plant diversity has been shown to be able to increase and stabilize
both transpiration (Baldocchi, 2005) and productivity (Cardinale et al., 2007; Hooper et al., 2005; Tilman
et al., 2001), which are the principal processes of ecosystem energy transformation and cooling. This
increase and stabilization in transpiration and productivity with increasing diversity has been ascribed to,
among others, an increase in nutrient cycling (Loreau, 1995), and an increase in variations in root depth,
life-span, leaf assemblage (overlap and shape), and phototropism (Baldocchi, 2005; Schneider and Kay,
1994). This dissertation contributes by testing the hypothesis brought forward by Schneider and Kay
(1994) — that diversity decreases surface temperatures — which so far remains mostly untested (Avelar et
al., 2020; Cushman, 2015). The dissertation further explores if later succession native plant species have a
stronger cooling effect than more ruderal exotic plant species. The theoretical argument for native and
later succession plant species having a stronger effect on surface temperature is that they have evolved to
be more effective at energy uptake in their native range. They may also increase structural and trophic
complexity more than exotic and ruderal species, which further increases energy uptake. If it is true that
native and later succession species cool more, then this also strengthens the use-case for thermal imaging
of restoration, as the goal of many forest restoration projects is not just an increase in species diversity,
but specifically an increase in native species diversity (Stanturf et al., 2014).

The tests on the relationship between temperature and diversity were done by combining thermal
imaging and in-situ measurements of plant species diversity and other ecological data. | have so far not
come across any other comparison of thermal imagery from space or UAV with in-situ sampling of plant

diversity. The closest study used surface temperature taken from data loggers, compared with forest sites



of different species diversity, mainly old-growth forests, and tree plantations, and found a significant
cooling in the more diverse and complex old-growth forests (Norris et al., 2012). Another study used
thermal imaging but used structural complexity as measured remotely as a proxy for diversity (Avelar et
al., 2020). Unfortunately, there seems to be a lack of collaboration between thermal remote sensing
scientists and field ecologists.

While the results and applications discussed in this dissertation are done so mainly within the
context of restoration, | also believe the findings can be expanded and adapted further into related areas of
research and practice, such as conservation, ecosystem management, and systems ecology.

1.6. Dissertation outline

This dissertation aims directly, or indirectly, to answer the questions outlined at the beginning of this
chapter and discuss the implications of these answers. It consists of three manuscript data chapters and a
concluding chapter:

Chapter 2 presents the first study of the dissertation, which was comprised of three connected
experiments. For the three experiments, we? utilized thermal imaging and in-situ sampled ecological data
from a 500+ ha oak woodland restoration project, spread over 31 fields in Norfolk County, Ontario,
Canada. Experiment 1 compared the surface temperatures of 31 former agricultural fields before and after
undergoing restoration for a total of 16 years, using thermal images from three Landsat satellites and the
ECOSTRESS instrument on the International Space Station. Experiment 2 compared daytime thermal
images from Landsat 8 and ECOSTRESS against nighttime imagery only available from ECOSTRESS,
during 2018. Experiment 3 compared in-situ sampled ecological data, including plant species diversity
data, against thermal data for 3 restoration fields (more details in Table 1.1). This chapter is published in
the journal Ecological Indicators as Hamberg et al. (2020).

Chapter 3 describes the implementation of an experiment (and second study of the dissertation)
applying multiple restoration treatments methods to plots in two former farm-field sites already planted
with trees, and one gravel pit site in Simcoe County, Ontario. The most prominent treatment applied and
tested was that of topsoil transfer from a nearby deciduous forest. The experiment also included the
addition of woody debris, shrub plantings, and shade-shelters on top of the added topsoil. Multiple types
of control plots were also established at both topsoil donor and recipient sites. The plant diversity, plant
community composition, and tree growth of the topsoil and control treatments were compared, through
ANOVA and Analysis of Deviance Wald Chi-Square tests on linear mixed regression models, and

through PERMANOVA tests on Non-Metric Multidimensional Scaling models. These tests were

8 These chapters uses the third person ‘we’, as committee members have provided guidance and are, or will be, co-
authors of these studies.



conducted to ascertain if the topsoil transfer and additional methods were useful for improving the
trajectory of the restoration towards a native late-succession forest species composition. The tests were
also conducted to see if there were ecological differences that could be investigated through thermal
imaging in the following chapter.

Chapter 4 compares the surface temperature of topsoil recipient, and control, plots of the three
experimental sites described in Chapter 3. To compare and quantify the surface temperature at different
times of the day and of the growing season, we utilized thermal images from a UAV taken 4 times per
day over 9 days total in July and September 2019. We then used correlation analyses to explore the
relationship between the normalized surface temperature of all treatment and control plots and the in-situ
sampled ecological data from Chapter 3, to test if increased species diversity, and other ecological
attributes, correlated significantly with decreased surface temperatures as hypothesized (more details in
Table 1.1).

Chapter 5 concludes the dissertation by considering what the results of the studies mean for how
we think about the surface temperature of ecosystems undergoing restoration, and how thermal imaging
from both space-based instruments and UAV could potentially be utilized by restoration and conservation
managers. It also outlines potential paths of research to further test and deepen our understanding of how

ecosystem diversity, function, and structure affect temperature.



Chapter 2. Surface temperature as an indicator of plant species

diversity and restoration in oak woodland

2.1. Introduction

A goal in many restoration projects of wooded ecosystems is to establish a highly diverse mix of native
vegetation (Ruiz-Jaén and Aide, 2005; Suding et al., 2015). However, recovery may take decades, and
issues such as low viability of planting stock or seeds, changes to the surrounding landscape or climate,
disease, or invasive species can put the ecosystem on an unwanted trajectory (Halme et al., 2013; Suding,
2011). To identify these issues before they become irreversible, and adjust restoration procedures to reach
a goal of high native species diversity requires consistent monitoring (DeLuca et al., 2010; Wortley et al.,
2013).

The most common form of monitoring and evaluation of terrestrial restoration efforts is through
in-situ sampling of vegetation (e.g., ground and canopy-cover, composition, species diversity) and soil
factors that are used as indicators of the current state of the ecosystem and when repeated offer insight
about the trajectory of the ecosystem (Ruiz-Jaén and Aide, 2005; Wortley et al., 2013). However, as
restoration projects increase in their number, size, and complexity (DeLuca et al., 2010; Suding et al.,
2015), in-situ sampling can become too costly and time-consuming (Henry et al., 2019; Reif and Theel,
2017).

Remote sensing offers one approach to overcome the spatial and cost limitations of field sampling
(DelLuca et al., 2010; Reif and Theel, 2017). Satellite imagery can be used to quantify patterns of plant
diversity, but to do so directly requires very high-resolution imagery (<=5 m), which is expensive
(Nagendra et al., 2013; Turner et al., 2003). In addition to diversity, a compilation of spectral bands has
been used to estimate vegetation cover (e.g. Leaf Area Index) and photosynthetic activity (e.g.
Normalized Difference Vegetation Index) in scientific studies of restoration, but implementation of these
methods by restoration practitioners remains uncommon (Nagendra et al., 2013; Reif and Theel, 2017).

Less common still is the use of remotely sensed thermal imaging to monitor and assess ecosystem
restoration projects. Contemporary reviews of remote sensing of ecosystems and monitoring of
restoration fail to mention thermal imaging or do so only briefly (e.g., de Almeida et al., 2019; Pettorelli
et al., 2018; Reif and Theel, 2017). Yet, thermal data can be used to measure or estimate important
ecosystem characteristics such as canopy temperature (Luvall et al., 1990) and evapotranspiration and
water stress (Fisher et al., 2017).

Thermal imaged relative surface temperature may also have potential as an indicator of relative

change in plant species diversity. Plants have some capacity to regulate their leaf temperature using
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evolved traits such as stomatal conductance, geometry, and absorptivity (Michaletz et al., 2015). An
increase in plant species diversity increases the diversity of functions (e.g., nutrient uptake), structures
(e.g., root-depth and xylem structure), and phenology (e.g. leaf-out timing) in an ecosystem (Baldocchi,
2005; Isbell et al., 2009). These variations can increase the ratio of incoming solar energy used by the
ecosystem both through evaporation and photosynthesis, and decrease the ratio of energy reflected or re-
emitted as heat (Baldocchi, 2005; Jorgensen and Svirezhev, 2004; Kay, 2000; Schneider and Kay, 1994).
This means that on a warm clear summer day without strong winds and all other factors being equal, more
diverse ecosystems should be cooler than less diverse ecosystems (Fraser and Kay, 2004).

An increase in diversity of function and structure has also been theorized to allow for an
ecosystem to retain solar radiation for longer, both through physical and chemical heat storage;
moderating daily thermal fluctuations (Norris et al., 2012; Ulanowicz and Hannon, 1987). By retaining
the heat and releasing a larger portion of it at night, the more diverse ecosystem remains warmer at night
and cooler during the day (i.e. less diurnal temperature variation) relative to a less diverse, but otherwise
similar, ecosystem (Fraser and Kay, 2004; Ulanowicz and Hannon, 1987).

Ecosystem development has been shown to correlate positively with cooler temperatures, as
measured with airborne thermal sensors (Luvall et al., 1990). Ecosystems with more structural complexity
and trophic interactions heat up slower than less complex ecosystems when measured with hand-held
thermometers (Aerts et al. 2004). Studies of flux-net tower measurements have found that mature forest
buffer temperature change most effectively and that this capacity decreases with degradation of the forest
(Linetal., 2017a). Similarly, thermal imagery from an Unmanned Aerial Vehicle has been used to detect
stress due to disease in trees by patterns of increased heat (Smigaj et al., 2019). However, thermal
imaging has not been applied using satellite data over time on ecosystems undergoing restoration.
Thermal imaging data has also not been compared to in-situ sampled plant species diversity and cover
data.

To overcome these gaps, and answer calls to expand the toolset of remote sensing indicators for
restoration monitoring and evaluation (Anderson et al., 2017; de Almeida et al., 2019; Reif and Theel,

2017), we sought to answer the following three questions:

1. Isthere a difference in ecosystem surface temperature before and after restoration and if so, what
is the rate of change over time since restoration commenced?

2. To what extent does diurnal temperature variation change with time since initial restoration?

3. Accounting for biomass and shade conditions, what, and how large, is the effect of increasing

plant species diversity on surface temperature?
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To answer these questions, we quantify surface temperature from thermal satellite imagery across
a set of fields undergoing active restoration (through seeding), and passive restoration (unseeded), and
normalize the temperature against stable areas made up of nearby mature forests. We compare satellite-
based measurements to ground-surveys to determine the efficacy of satellite-based thermal data for
predicting changes in ecosystem diversity as a function of surface temperature change. Furthermore, we

use ground and canopy cover data to control for effects of biomass or shade.
2.2. Methods

2.2.1. Study Area

A large-scale restoration project was established in Norfolk county, southern Ontario in 2006 by the
Nature Conservancy of Canada (NCC). The goal of the project was to restore 700+ ha of mainly
agricultural fields to prairie, wetland, mixed forest, and oak woodland (Figure 2.1). The project is spread
over 34 properties, some of which contain multiple fields.

The majority of the fields are on eolian fine sand to sandy loam soil, with some edges of fields on
variable alluvial deposits. Fields LBC 3-E and LBC 5 are on clay soil (OMAFRA, 2015). The area is flat
except for sand dunes and smaller stream valleys (OMNRF, 2019). Preparation for restoration included
earth moving to recreate microhabitat, plowing, spraying of herbicides, and fencing to reduce grazing by
deer. All fields were seeded with a high diversity seed mix containing between 85 and 106 species of
native herbaceous plants, prairie grasses, shrubs, and trees, dominated by oaks (Gartshore, Unpublished,;
Henry et al., 2019; Inlow, 2010, pp. 23-29; Nature Conservancy of Canada, 2006).
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Figure 2.1: Map of NCC restoration fields that fulfill the criteria for the study (blue) and paired mature
forest normalization areas (black). The red rectangle represents the most mature deciduous forest in the

region, and it was used to normalize images for the map in Experiment 1. Green represents forested areas

Names of sub-areas and numbering of fields are the same as used for NCC property maps. Cardinal
directions are used for separate fields within NCC properties

The first NCC property site to undergo restoration in the project was Lake Erie Farms. The site is
composed of three fields and is the only site in the project to be in-situ sampled. During restoration one
area in each field was left unseeded and represents a passive restoration area. The areas surrounding the
Lake Erie Farm restoration fields are mainly mature (50+ years) mixed hardwood forest, dominated by
oak (Quercus spp.) and maple (Acer spp.) with a closed canopy (Henry et al., 2019; Nature Conservancy
of Canada, 2006). The majority of the property is on well-drained Plainfield fine sand soil (Nature
Conservancy of Canada, 2006). While only these three fields have been systematically surveyed

discussions with NCC staff and the practitioner responsible for the seeding and upkeep (personal

communications, Liv Monck-Whipp 2019 and Mary Gartshore 2016) and personal observations in 2016
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and 2017 indicated that most restoration fields in the project were increasing in both biomass and plant

species diversity.

2.2.2. Experiments

We designed three experiments that each corresponds with, and seek to answer, one of the three questions
posed:

Experiment 1: Temperature change over time since restoration. The relative mid-day land-surface
temperature of 31 agricultural fields being restored to woodland by NCC was compared, both before and
after restoration, over the period 2002-2018 using Landsat and ECOSTRESS imagery.

Experiment 2: Comparison of diurnal temperature variation and time since restoration. The difference
of surface temperature between day and night for three pairs of ECOSTRESS and Landsat images was
compared for 19 restoration fields in 2018, through a space-for-time substitution, with years since
restoration as the independent variable.

Experiment 3: Comparison of vegetation and temperature. Relative land surface temperature data from
three Landsat satellites were compared to vegetation data, including plant species diversity data, sampled

at ground level for three restoration fields at the Lake Erie Farms property from 2007 to 2018.

2.2.3. Site and imagery selection

To allow for sufficient photosynthetic activity, the criteria for including satellite imagery in the study
were that imagery had <20% cloud cover over the study area (full extent of Figure 2.1) and that it was
captured between May 31% and September 315 of 2002 to 2018. Weather data (Figure 2.2), taken from the
Delhi weather station (Environment Canada, 2019), 26 km north of the southern-most restoration site,
was used to exclude any image taken when surface temperature measurements of vegetation would not
accurately reflect the energy use of the ecosystem. To avoid a large cooling effect on leaves from wind,
imagery was only selected if wind-speeds were below 25 km/h (Grace, 1988). To avoid transpiration and
photosynthesis slow-down imagery was only selected if air-temperatures were between 10 and 40 °C and

relative humidity was below 75% (Kd&rner, 2006).
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Figure 2.2: Air temperature, relative humidity and wind-speed measured within 30 minutes from imagery

taken for all daytime imagery used in the experiments.

2.2.3.1. Site selection for Experiment 1 - Temperature change over time

To be included in this experiment, restoration fields had to have at least 5 years of data (initially restored
by 2013 latest), to limit the effect of variable weather conditions and short-term disturbances. Fields had
to be at least two hectares in size and a minimum of 100 m wide on the shortest side, to decrease edge
effects. Thirty-one fields fulfilled our selection criteria (Figure 2.1). To further decrease edge effects, all
field polygons were reduced by a 20 m interior buffer before analysis. The total size of all fields after
removing the buffer area was 294.5 ha, with a mean field size of 9.4 ha (SD 6.8 ha), the largest field was
26.8 ha and the smallest 2.6 ha.

To allow for normalization of temperature over time, each restoration field was paired with an
adjacent mature forest area. Hereafter referred to as ‘normalization areas’. These areas were selected to
border the restoration field, have an area within 10% of the restoration field’s size, have as similar
perimeter-to-area ratio as the landscape permits, have a similar amount of edge adjacent to active
agriculture fields and be composed of a closed canopy deciduous forest. Each forest area was checked
visually using aerial high-resolution imagery from 2006, 2009, 2010, 2014, 2016 and 2018, and lower
resolution satellite imagery from 2002 in Google Earth (Google Inc.), and adjusted to avoid canopy
openings or other visible disturbances. We further checked to avoid any major differences in elevation or
soil conditions using a Lidar-derived terrain model and the Ontario Soil Survey Complex (OMAFRA,
2015; OMNREF, 2019). For analyses, the forest areas were reduced by a 20 m interior buffer, similar to the

restoration field.
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2.2.3.2. Site selection for Experiment 2 - Diurnal temperature variation change with time

The criteria for site selection for Experiment 1 were also used for Experiment 2. Additionally, this
experiment uses space-for-time substitution — i.e., different fields representing different ages since
restoration, measured at the same time — and further criteria were needed to control for edge and center
effects due to field size and shape differences. Temperature has been shown to be affected by the edge up
to 50 meters into an oak-chestnut forest (Matlack, 1993; Robinson et al., 2009) and forests also influence
prairie and open fields ecologically, through in-seeding, and thermally, through shading and its effect on
wind-patterns and moisture (Dovéak et al., 2005; Gehring and Bragg, 1992). To minimize edge effects
between adjacent forest and our restoration areas the internal edge buffer was increased to 70 m. Further,
to give each field a more equal amount of perimeter-to-area ratio (Hunsaker et al., 1990) any area more
than 140 m from the edge of the field was removed. After applying the buffers we removed all areas that

were under 1 ha, resulting in 19 field areas of analysis between 1 and 10.5 ha.

2.2.3.3. Site selection for Experiment 3 - Comparison of vegetation and temperature

For Experiment 3, sites were selected from Lake Erie Farms, as it is the only property where vegetation
monitoring has taken place. The criteria for selecting the areas of study within the property was for all
areas to have a minimum of 6 sampling plots within them, and for each area to be as large as possible
while keeping all sites approximately the same size, shape, and edge and distance to forest. We also
checked the altitude and slope of restoration areas from Lidar-derived data (OMNRF, 2019).

All three passive restoration areas were retained and three active restoration areas of similar size
(2589-2708 m?), shape and distance to forest edge were selected; one near each of the passive restoration
areas. A similarly sized and configured mature forest normalization area was selected to pair with each
restoration area in order to compute relative temperatures between restoration areas and mature forest
areas to allow for comparisons of temperature and vegetation over time. All polygons used for thermal
measurements were given a minimum 20 m internal buffer from any other treatment or ecosystem type
(Figure 2.3).
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Figure 2.3: Map of the Lake Erie Farms property and restoration sites. Three paired active restoration,
passive restoration and mature forest normalization areas were selected for the study, along with the nearest
transect of vegetation sampling plots.

2.2.4. Vegetation sampling and measurements

Once per year, from 2007 to 2018, trained NCC staff surveyed 137 2x2 m plots on the Lake Erie Farms
property, for percentage ground cover of each plant species present. From 2011 onwards, the sampling
also included a count of the number of woody stems and percentage canopy cover for each species. In
total, the areas included in Experiment 3 include 59 survey plots with at least 6 plots per studied area
(Figure 2.3). The mean measurements of each plot transect were used for statistical analysis. Our use of 6
plots or more for each area provides a representative sample of the larger area as determined by previous
research at our study site (Henry et al., 2019).
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The percentage ground cover of each plant species in each plot was used to calculate the
‘effective number of species’ or ‘Hill number’ (Table 2.1). The Hill number is based on the Simpson-
dominance diversity index and accounts for both total species richness and its evenness (Chao et al.,
2014). Species were defined as native or exotic to Ontario according to the Database of Vascular Plants of

Canada (Brouillet et al., 2010). Ecological data from the project are available in Hamberg (2019).

Table 2.1: Summary of diversity measurement equations, where A is the diversity or evenness, R is the total

species richness for the plot surveyed, and p is the proportional cover of species i.

R
Simpson-dominance index A= Z p?
=1
R
Simpson Hill number 1/2 pl?
i=1

In-situ sampled percentage ground cover by vegetation, number of woody stems, and percentage
canopy cover, as well as relative NDVI derived from Landsat imagery were used as proxies for biomass.
Total percentage canopy cover was also used an indicator for potential shading effects.

2.2.5. Selecting and processing satellite imagery

Satellite data were acquired from NASA/USGS satellites Landsat 5, Landsat 7 and Landsat 8, and from
the ECOSTRESS thermal imaging instrument mounted to the International Space Station (ISS). Landsat
imagery thermal bands from each satellite (Band 6, Band 6 VCID_2, and Band 10 respectively) were used
to estimate at-satellite brightness temperature. The red and near-infrared bands from the Landsat satellites
were used to derive NDVI measurements. Landsat 7, 8 and ECOSTRESS thermal radiometric accuracy
has been found to be within £1 °C at 27 °C when validated against ground measurements (Hook et al.,
2019). To process and correct Landsat level-1 satellite data (Zanter, 2019) a Digital Number to Land
Surface Temperature (DNtoLST) model was constructed using ArcGIS Desktop 10.5.1 (ESRI) Model
Builder.

Landsat data is adjusted for emissivity in the DNtoLST model using NDVI threshold method
(Jiménez-Mufioz et al., 2009). Soil and vegetation emissivity values were sourced from the ECOSTRESS
library (Meerdink et al., 2019) and literature (Sobrino et al., 2008) based on soil maps of the site and
vegetation surveys (Nature Conservancy of Canada, 2006). Atmospheric adjustment were done using the
Atmospheric Correction Parameter Calculator (Barsi et al., 2005). Any area within 200 m of a cloud was
removed from analysis. For a detailed description of processing methods, see Appendix 2A. With the

surface temperature adjusted for emissivity and atmospheric conditions, the DNtoLST model then outputs
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summary statistics weighted by the percentage of the pixels that were inside the polygon of interest
(Conrad, 2003).

The native resolution of thermal images from Landsat 5 and 7 is 120x120 m, and 100x100 m for
Landsat 8 but all Landsat level-1 thermal data are provided as resampled to 30x30 m pixels (U.S.
Geological Survey, 2016). Data from each field were only used if at least 75% of pixels were available for
the sampled restoration area polygon and its paired normalization area polygon.

In addition to the acquired Landsat data, land surface temperature data were acquired from
ECOSTRESS (build version 5.03) for 2018 through the Early Adopter program (Hulley and Hook, 2018)
and converted to geo-located grid data using the swath2grid python programming tool (Krehbiel, 2019).
ISS orbit varies and therefore so does ECOSTRESS time of local imagery acquisition. Imagery from
ECOSTRESS were considered as taken during the day and included in all experiments if it was captured
between 10:00 and 19:00 eastern standard time, which provided a buffer following sunrise for the
ecosystem to warm up and commence photosynthetic activity. ECOSTRESS imagery were considered as
taken during the night, and included in Experiment 2, if taken between 22:00 and 07:00, to allow the
ecosystem to cool after sunset. ECOSTRESS has a spatial resolution of 69x38 m.

Out of approximately 232 images available for the area and time from Landsat 5, 7 and 8, 48
images fulfilled the criteria for the 2002 to 2018 period. The only year without a single useable product
was 2012 (Figure 2.4). Five cloud-free ECOSTRESS images between first imagery of the site in July 30
to September 21 2018 were found and included in the study. Two of these images were recorded close to
mid-day and were included in all experiments. Three of the 5 useable ECOSTRESS images were taken

during nighttime and were only included in Experiment 2.
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Figure 2.4: Imagery taken near noon and used for Experiments 1 and 3 by instrument year and month. L5-
L8 - Landsat 5-8 satellites.
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2.2.6. Statistical comparison and analysis

To test the statistical significance of temperature and vegetation changes over time in all experiments in
this study we fit linear mixed effects models, repeated measures correlations and multiple linear
regressions (ordinary least square). All analyses were performed in R. The linear mixed effects models
use the ‘lme4’ package in R, and we report confidence intervals but p-values are not appropriate for these
mixed models and are therefore not reported (Bates et al., 2015). Repeated measures correlation were
calculated using the ‘rmcorr’ package in R (Bakdash and Marusich, 2017). This tests for the significance
of the correlation of slopes between different grouping factors while allowing for varied intercept. The r-
value reported for these tests signify how correlated the slopes are, with 1 and -1 being perfect
correlation. It does not signify anything about the angle of the slope, beyond it being positive or negative
(Bakdash and Marusich, 2017).

The data used for multiple linear regression analyses were checked to see that they fulfill the
assumptions of linearity, near-normal distributions, and equal variance by plotting values, histograms and
residuals and computing Pearson correlation matrices. Presence of collinearity of ecological variables was
tested using the variance inflation factor (VIF) using the ‘olsrr’ package in R (Hebbali, 2017). For linear
mixed effect models and repeated measures correlations, the independence within random grouping
factors are relaxed (Bakdash and Marusich, 2017; Bates et al., 2015), but all other assumptions for linear
regression hold and were tested as above. In all cases, for all experiments, all assumptions were met in

this study without any transformation needed of any data.

2.2.6.1. Normalizing temperature by paired mature forest normalization areas

As thermal imagery is taken at different days with different air temperature and weather conditions, the
surface temperature change within fields cannot be compared directly over time from image to image. For
Experiment 1 and 3, the relative surface temperature data for each restoration field was therefore
computed as the percentage difference between the restoration field’s surface temperature and the surface
temperature of its adjacent mature forest normalization area (Figure 2.1).

Mature forests change in biomass and diversity only slowly and should therefore not change
nearly as much as the restoration areas from 2002-2018. Surface temperature response from the forest
should therefore also remain the same and the forest should have a similar surface temperature on a day in
2002 and 2018 if solar insulation, ground water availability, wind and humidity are the same on those
days. To test this assumption, we performed a linear-mixed effect model on all measurements from
Landsat satellites of all mature forest normalization areas from 2002 to 2018 with each field of the 31

fields as random grouping factor. Although these measurements depend on the weather of the day they
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were acquired, as long as there is no significant decreasing or increasing trend over time the assumption

of the mature forest being relatively stable for normalization of temperature over time holds.

2.2.6.2. Statistical analysis and mapping for Experiment 1 - Temperature change over time

To test if relative temperature (dependent variable) changed significantly with time since restoration
(independent variable) we performed a linear-mixed effects model, and to test if the change was
significantly correlated between fields, we performed a repeated measures correlation. To control for the
same fields being measured repeatedly over time, and as each field varied in size and in their landscape
context, the restoration field was used as the grouping factor in both methods. Before restoration, all 31
fields were in agricultural production. To determine if there was a change in the pattern of temperature
after initial restoration, a linear effects model and repeated measures correlation were performed
separately first for all 31 fields for the time from 2002 to initialization of restoration (2006 to 2013,
depending on the field), when they were still agricultural fields. The same methods are then used for the
same fields after initial restoration (2007-2014) until 2018. A pattern of decrease in temperature only after
initial restoration would indicate that the plant growth from restoration is behind the effect.

A map was created of the mean temperature change of restoration areas between 2014 (the first
year all restoration had been initialized) and 2018 to test if temperature change can be located and
displayed within and between fields. All temperature data in imagery for these years was first subtracted
by the temperature of the Backus Woods normalization area (Figure 1), the mean of the temperature of

the three images from 2014 was then subtracted from the mean of the 4 images from 2018.

2.2.6.3. Statistical analysis for Experiment 2 - Diurnal temperature variation change with time

In this experiment, we define diurnal temperature variation as the temperature difference between mid-
day and late night. First, we compared mean surface temperatures to time since restoration for each
restoration field within one image for daytime and nighttime ECOSTRESS and Landsat images in 2018.
Second, to test if nighttime imagery showed a common trend in temperature change with time since
restoration, we fit a repeated measures correlation and linear mixed-effects model with the imagery from
which the measurement was extracted as random grouping factor. The same statistical methods were used
separately to test the common trend temperature of daytime imagery.

To test if diurnal temperature variation decreased over time since restoration, we paired each
nighttime imagery’s temperature data with the nearest unused daytime imagery’s temperature data by
date, subtracting the nighttime temperature from the paired daytime temperature for the same field to find
the diurnal variation. We then performed a repeated measures correlation with percentage diurnal

temperature difference as the dependent variable, the field’s time since restoration as independent variable
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and imagery as grouping factor, to test the significance of the common trend. A linear mixed-effects

model with the same factors was used to find the mean slope and its confidence interval.

2.2.6.4. Statistical analysis for Experiment 3 - Comparison of vegetation and temperature

To determine the relative effects of plant species diversity, percentage ground cover, percentage canopy
cover, stem count, and years since restoration on surface temperature measurements, a multiple linear
regression model was used. Data from 2018 were excluded from this model as canopy cover and stem
count was not properly recorded that year.

To test the relationship between relative surface temperature as the dependent variable and
vegetation abundance, plant species diversity and time since restoration as independent variables while
including 2018 data, we performed two more multiple linear regression models. As proxies for biomass,
the first model used total percentage vegetation ground cover and the second used the percentage
difference of NDVI between the restoration fields and their normalization area. To test for a potential
difference in effect of native versus exotic plant species, we performed a simple linear regression of
native and exotic diversity against relative temperature. To test which variables have the most statistical
explanation power we compared the Akaike Information Criterion — corrected (AICc) using the ‘dredge’
function of the ‘MuMin’ package in R (Barton, 2020). The AICc compares different combinations of
independent variables ability to statistically explain change in the dependent variable, penalizing models
with higher number of variables (Brewer et al., 2016).

2.3. Results

The linear-mixed effects model performed shows no significant change (95 % CI: -0.003 to 0.100
C°/year, N = 1148) of surface temperature in the mature forest normalization areas from 2002 to 2018.
This indicates that the normalization areas are appropriate stable comparisons for the restoration areas in

Experiment 1 and 3.

2.3.1. Results of Experiment 1 - Temperature change over time

For the experiment comparing relative surface temperature of 31 restoration fields over time between
2002 and 2018, 1109 measurements of mean land surface temperature were included; 599 of those
measurements were taken after restoration was initialized. On average, each field had 34 measurements of
land surface temperature. All data are available in Hamberg (2019). The mean surface elevation of all
selected areas was 201 m above sea level with a mean difference of 1.1 m (SD: 4.0 m, maximum: 9.9 m)
between restoration fields and their paired normalization areas. All paired normalization areas shared

major soil type with its nearby restoration area.
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When comparing the relative surface temperature of the pre-restoration agricultural fields, we
found no evidence of a significant and consistent change. The linear mixed effects model comparison of
relative temperature over time grouped by field was -0.1 percentage point (p.p.) per year, with the
possibility of no change being within the 95% confidence interval (-0.57 to 0.35). The repeated measures
correlation was low (r=-0.017) and not significant (p=0.711), meaning that there was ho common pattern
of change in temperature over time among the restoration fields (Figure 2.5). Pre-restoration agriculture
fields showed a high variance in surface temperature between years, which we suspect was due to
changes between years and time of imagery in which fields were fallow, planted, or already harvested.
Temperature variation may also be due to what crop was grown, and in the amount of fertilizer and
irrigation used.

After initial restoration, 30 of 31 restoration fields decreased in temperature relative to their
paired normalization areas over time. BB4-W was the only field increasing in temperature over time
(Figure 2.5). The mean decrease in temperature, as measured through the linear mixed-effects model, was
1.5 p.p. per year (95% CI: -1.73 to -1.26) and the repeated measures correlation of slopes in between the
different fields was significant (p<0.001) and moderately strong (r=0.36).
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Figure 2.5: Best fit linear regression models for each restoration field (N = 31) in our study for temperature
difference against days before and days after restorations using Landsat 5, 7 and 8 and ECOSTRESS data
from 2002 to 2018. The black dashed line shows the average slope and intercept from the linear-mixed effects

model.

The average restoration area was 25.6 % warmer than its normalization area when restoration
began, falling to 7.7 % warmer 12 years later. To put this into context, if the surface of one of the mature
forest normalization areas experienced a 25 °C day in 2007, and another one in 2018, we would expect its
paired restoration area to have been 31.4 °C in 2007 and 26.9 °C in 2018, a 4.5 °C drop.

The apparent increase in temperature the first year after restoration can be explained by the
considerably higher biomass of fertilized and irrigated agricultural fields, as compared to the restoration
fields in the first year after restoration when plants have not yet had time to establish and spread. The
difference in mean relative temperature between fields could be due to differences in field size, shape,
elevation, slope and different surrounding land-use matrix. Differences in the angle of the slope in figure
2.5 between different fields can be due to differences in the ground water levels and weather conditions of

the first few year of restoration, as restoration was initialized in stages between 2006 and 2013. Variation
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in quality of the seeds, mainly harvested the year before from wild populations, may also have affected

the speed of restoration.
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Figure 2.6: Map of mean temperature change between 2014 and 2018 imagery. All imagery was subtracted
against Backus Woods mature forest normalization area (Figure 1). Active restoration areas are outlined in
magenta and paired normalization areas in black, not including the 20 m internal buffer. Full map in
Appendix 2B.

The temperature difference map (Figure 2.6) shows that most restoration areas have decreased in
temperature over time 2014-2018. Pixels near the edge of the restoration fields generally show a less
steep decline than those in the center, as the edge pixels are more affected by the stable forests near them.
. Field CBC 3-E exhibit almost no decline and may be an ideal candidate for follow-up monitoring to find
out why that is. Areas decreasing in temperature outside restoration areas may be agricultural fields that

have changed crops, fertilizer or irrigation intensity, or have gone from being fallow to active.

2.3.2. Results of Experiment 2 — Diurnal temperature variation change with time

Comparing diurnal temperature change in the space-for-time substitution experiment, we first analyzed
temperature change for 2018 data separately for night and day. The three nighttime temperature
measurements from ECOSTRESS all showed an increasing trend over time since restoration. The linear
mixed effects model of the nighttime measurements showed a mean increase in nighttime temperature of
0.20 °C per year (95% CI: 0.07 to 0.32) and the repeated measures correlations for them showed a
significant (p=0.004), and moderately strong (r=0.38), correlation between the measurements. Taken

together this provides evidence that nighttime temperatures of restoration areas were increasing at a
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significant, and relatively consistent, rate with time since initial restoration, independent of which
imagery the data was taken from.

While the linear mixed-effects model using the two ECOSTRESS and two Landsat daytime
measurements showed a mean decrease of 0.42 °C per year, the decrease was not significant (95% CI: -
0.85 to 0.01) and the repeated measures correlation was relatively weaker than the nighttime
measurements (r=-0.22) and not statistically significant at the 95% confidence level (p=0.058).

To study change in diurnal temperature variation, we paired daytime and nighttime readings
together, removing the Landsat 8 observation taken in June, as it was the furthest away in the season from
the others. The linear mixed-effects model showed a decrease of 4.14 p.p. per year in diurnal temperature
difference since restoration (95% CI: -6.68 to -1.59) (Figure 2.7). The repeated measures correlation
showed that the slopes were significantly (p=0.002), and moderately strongly correlated (r=0.40). For the
time studied, the mean diurnal difference fell from 86 % 4 years after restoration, to 50 %, 12 years after
restoration. As an example, a field restored in 2006 with a 28 °C day and 15 °C night in 2010 would be
expected, on a similar day in 2018, to have a 25 °C day and a 17 °C night.

Comparing these results with those of Experiment 1 shows that diurnal temperature change could
decrease faster than just daytime temperature change. The variation that was not explained by time since
restoration may be explained by remaining differences in size, shape, elevation and the seed-mix viability,

weather and ground water levels in the first few years after initial restoration.
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Figure 2.7: Percent diurnal temperature difference for paired data over time since restoration. Separate
linear regression lines are shown for each pair of measurements and the mean slope coefficient for the linear
mixed-effects model is shown as a dashed black line. Legend shows instrument (ECOS — ECOSTRESS, L7 —
Landsat 7) of paired day-night imagery.

2.3.3. Results of Experiment 3 - Comparison of vegetation and temperature

All Lake Erie Farms restoration areas were found to have a mean altitude between 197 and 203 m and a
mean slope between 1.78 and 2.81°. To compare thermal and ecological data over time for the Lake Erie
Farms property we performed three separate multiple linear regression models based on theory, and two
more based on highest statistical explanation power as per AlCc. For the first model performed, for the
period 2007-2017, using all in-situ measured independent variables (Table 2.2) there was a mean decrease
of relative temperature of 5.06 p.p. for each one increase in the effective species number, when
controlling for all other factors (Table 2.2A). There was also a 1.00 p.p. mean increase in relative
temperature per year after restoration that was not explained by other factors and was significant at the
95% confidence level (p=0.03).

Our proxies for biomass and shade - ground cover, canopy cover and number of woody stems do

not significantly affect temperature. This analysis provides evidence that the relative temperature of
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restoration areas was mainly aff