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A B S T R A C T   

Restoration of temperate forests alters the diurnal dynamics of land surface temperature (LST) and evapo-
transpiration (ET) through increases in biomass, diversity, and complexity. The ECOsystem Spaceborne Thermal 
Radiometer Experiment on Space Station (ECOSTRESS) is the first space-based thermal imaging instrument that 
allows for a study of diurnal LST and ET dynamics at a moderate spatial resolution (70 × 70 m). 

We quantified, compared, and modeled the LST and ET dynamics of two groups of forest restoration sites (43 
sites in total, between 2 and 75 ha) in Southern Ontario, Canada that were initially restored from mainly 
agriculture between 2007 and 2019. We included all useable LST (n = 29) and ET (n = 9) ECOSTRESS image 
products from a full growing season in 2020 (June 1st to September 30th). Forest restoration sites were 
compared by age and against agriculture (pre-restoration state), mature forest (post-restoration state), and 
suburban residential sites (competing land use). 

The ability of forest restoration sites to buffer temperatures was highest in the afternoon, around 14:00 local 
time (EDT). As predicted, restoration sites were significantly cooler (x‾ 4.4–7.4 ◦C) than residential and agri-
cultural areas and significantly warmer (x‾1.6–2.9 ◦C) compared to mature reference forest sites at both groups 
of sites. Relative diurnal (24-h) LST variability of forest and restoration sites was also significantly lower 
(0.9–2.9 ◦C) compared to agriculture and residential sites (3.3–5.2 ◦C). Daytime LST decreased significantly by 
0.1 ◦C (3.1%), per year since restoration for one of the groups of sites relative to nearby mature reference forest 
sites as per a linear mixed effects regression model. It would take these sites ~30 years to reach the same 
buffering as mature forests. In characterizing ET dynamics of a subset of sites, we found that more recently 
restored sites had a statistically significant higher overall ET than older ones and that daytime relative instan-
taneous ET decreased with years since restoration. The variation explained by the ET model was however low. 

Our study provides insights into how diurnal forest ecosystem energy conversion and storage dynamics 
changes over time after restoration. These diurnal thermal dynamics impact wildlife habitat as well as human 
wellbeing. The change in thermal buffering over time could be used to assess the pace and trajectory of resto-
ration by managers. The thermal buffering provided by restored forest can also be quantified as an ecosystem 
service. As such, the study demonstrates the utility and also limitations of novel thermal remote sensing methods, 
using free and publicly available imagery from ECOSTRESS.   
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1. Introduction 

Forest restoration is an integral part of achieving the United Nations 
Sustainable Development Goals (https://sdgs.un.org/goals/goal15). 
There are a growing number of large scale restoration, reforestation, and 
afforestation projects with ambitions of planting billions of trees in the 
coming decade (e.g., Broadhurst et al., 2016; Holl and Brancalion, 2020 
suppl. Table 1). However, forest restoration projects often fail due to 
issues such as invasive species, disease, or use of planting stock or seed 
inappropriate for the site (Holl and Brancalion, 2020; Ruiz-Jaen and 
Aide, 2005; Stanturf et al., 2014). Restoration scientists point to an ur-
gent need for more efficient and scalable monitoring to understand 
ecological processes underlying restoration success or failure, in order to 
improve forest restoration outcomes (DeLuca et al., 2010; Holl and 
Brancalion, 2020; Reif and Theel, 2017). 

Remote sensing can be used to assess ecosystem processes and 
monitor the success of restoration projects (Reif and Theel, 2017). 
Remote thermal imaging holds particular potential for monitoring land 
surface temperature (LST) and evapotranspiration (ET), both of which 
can used to assess physiological plant functions, drought stress and 
changes in biomass, canopy cover, plant diversity, and complexity in 
forest ecosystems (Ehbrecht et al., 2019; Fisher et al., 2017; Hamberg 
et al., 2020; Lin et al., 2017). A thorough understanding of the 
connection between these ecosystem functions and structure can help 
managers plan, adapt, and monitor their restoration projects more 
effectively. However, the change in LST and ET after restoration, as 
measured by thermal imaging, remains largely unexplored. 

The LST of a forest is regulated by the reflection, storage, and con-
version of solar energy. The relative rate at which the ecosystem reflects, 
stores, and converts the incoming energy depends on the albedo, emis-
sivity, physical heat capacity, and ET rates of vegetation and soil (Fisher 
et al., 2017; Meier et al., 2019; Michaletz et al., 2015). ET rates in turn 
depend on solar energy input, photosynthetic biomass available, soil- 
water availability, wind, and humidity (Fisher et al., 2017). Many of 

the factors which affect LST and ET are, in turn, influenced by spatial 
and temporal variation in forest ecosystem structure and function. 

Daytime LST tends to decrease as forest biomass and age increases 
(Lin et al., 2017; Naranjo et al., 2012). Forest plant diversity also affects 
LST and ET (Baldocchi, 2005; Hamberg et al., 2020; Norris et al., 2012). 
Plant diversity increases the variety of vertical and horizonal stand 
structure, above-and below-ground plant structures (e.g., rooting 
depths), ecosystem functions (e.g., photosynthetic pathways), and 
variation in phenology (e.g., leaf-out timing). This increase in variation 
improves the overall uptake of water and interception and conversion of 
solar energy, thereby moderating LST and ET during different parts of 
the day and year, and during different weather and ground water con-
ditions (Baldocchi, 2005; Hamberg et al., 2020; Norris et al., 2012). 
Increased forest diversity and complexity can also increase physical and 
chemical energy storage capacity as it increases with increased living 
and dead biomass distributed vertically, horizontally, and through time 
(Ehbrecht et al., 2019; Meier et al., 2019; Norris et al., 2012). This 
increased energy storage capacity further serves to buffer daily LST 
variation (Ehbrecht et al., 2019; Meier et al., 2019). 

Thermal buffering refers to the ability of vegetated sites to moderate 
and reduce diurnal (24-h) temperature variation away from extremes 
(Lin et al., 2020). Thermal buffering reduces LST at peak daily insolation 
(solar noon) and delays the release of heat energy later into the day, 
potentially increasing night-time temperatures (Chen et al., 1999; 
Hamberg et al., 2020; Lin et al., 2020). In general, temperate forests 
buffer temperatures better than non-forest ecosystems in the same 
climate, and buffering capacity increases with forest biomass (Chen 
et al., 1999; Holmes et al., 2015; Meier et al., 2019). The thermal 
buffering effects of forest vegetation are important for creating suitable 
habitat conditions for many organisms (Tuff et al., 2016). Ecological 
restoration projects often aim to return native flora and fauna by 
creating suitable habitat (Stanturf et al., 2014; Suganuma and Durigan, 
2015; Tuff et al., 2016). Improving a forest’s thermal buffering capacity 
is therefore a potentially useful target for restoration, but one that is so 
far understudied, especially using thermal imaging. 

In addition to LST, ET is an integral ecosystem process that may also 
be used to monitor the progress and efficacy of restoration. Diurnal ET 
dynamics depend on species composition, climate, topography, and 
previous land use (Filoso et al., 2017; Naranjo et al., 2012). ET in 
temperate forests increases with time of day past solar noon, although 
extreme summer temperatures can cause an afternoon depression where 
plants reduce transpiration to avoid excess water loss (Bonan, 2008; 
Xiao et al., 2021). The effects of different types of forest restoration and 
afforestation on ET dynamics are complex. The increased water demand 
of low-diversity afforestation and commercial plantations species un-
suitable for the site conditions can decrease water yield, cause local 
drought, and lead to their own failure, especially in already water- 
limited areas (Filoso et al., 2017; Holl and Brancalion, 2020) Diverse 
and locally adapted temperate forest restoration has, on the other hand, 
been shown to improve ET seasonal and diurnal regulation and reduce 
the risk of drought (Baldocchi, 2005), particularly over long time scales 
(> 20 years) (Filoso et al., 2017; van Dijk and Keenan, 2007). More 
efficient and cost-effective methods for ET monitoring can help man-
agers assess the progress of their restoration sites towards an ET dynamic 
similar to that of a mature forest and adapt management and tree species 
planted to site and climate conditions. 

We currently know relatively little about how diurnal LST and ET 
changes over time in response to active forest restoration, as opposed to 
passive recovery and succession. Active restoration, through planting, 
seeding, or other interventions, is meant to guide and accelerate forest 
succession (Stanturf et al., 2014). If active restoration accelerates forest 
recovery and succession – increasing biomass, diversity, and ecosystem 
complexity – then it should also accelerate change in diurnal LST buff-
ering and ET dynamics. However, depending on site size, distance to 
seed-sources, former land-use, and soil conditions, active restoration 
methods are not always faster or more effective than passive recovery 

Table 1 
Detailed summary and comparison of the NCC and TRCA group of sites and 
image products used.   

NCC TRCA 

Number of restoration 
sites 

35 8 

Number of forest sites 35 8 
Number of agricultural 

sites 
12 8 

Number of residential 
sites 

0 4 

Median size of 
restoration areas 

10.0 ha 3.8 ha 

Median size of 
restoration areas 
with 50 m buffer 
excluded 

3.68 ha 0.7 ha 

Pre-restoration 
conditions 

Agriculture, old fields, and 
marginal land 

Agriculture, old fields, 
and marginal land 

Type of restoration High diversity seeding of 
herbaceous, shrub and tree 
species (~80–100 species) 

Planting of bareroot, 
seedling and sapling 
shrubs and trees (3–14 
species) 

Initial year of 
restoration 
represented (number 
of sites that year) 

2007 (4), 2008 (3), 2009 (1), 
2010 (1), 2011 (4), 2012 (7), 
2013 (7), 2014 (1), 2018 (4), 
2019 (3) 

2007 (2), 2008 (1), 2009 
(2), 2010 (1), 2013 (1), 
2018 (1) 

Number of image 
products used 

19 LST, 9 ET 15 LST 

Date range for imagery 
in 2020 

June 6th – September 23rd June 6th – September 
25th 

Maximum diurnal time 
data gap (LST) 

04:19–09:44 (5 h, 25 min) 01:14–08:27 (7 h, 13 
min) 

View angle of imagery 
(mean / max) 

16.7◦ / 28.1◦ 12.3◦ / 26.2◦
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and succession (Londe et al., 2020; Meli et al., 2017). A common 
question among restoration managers is when a project can be projected 
to be ‘done’, in terms of when the project functions and provides services 
at a rate similar to that of a mature forest (Ruiz-Jaen and Aide, 2005; 
Stanturf et al., 2014). Long-term monitoring of relative change in the 
LST buffering and ET of restoration projects could allow managers and 
scientist to tell which methods actually accelerate succession towards 
that of a reference/goal state, and at what rate. 

The unique characteristics of ECOSTRESS provide opportunities to 
measure diurnal LST and ET change in sites smaller than was previously 
possible to study with satellites (< 100 ha). Diurnal temperature and ET 
have been previously measured using ground-based tools such as eddy 
covariance flux-towers (Fisher et al., 2011). Satellite-based thermal 
imagers also provide opportunities to measure LST and ET over large 
spatial extents. However, satellite thermal imagers with a high or varied 
enough temporal resolution to measure diurnal change have been 
limited by their coarse spatial resolution. Studies of diurnal dynamics 
have used thermal imagers such as Moderate Resolution Imaging 
Spectroradiometer (MODIS) and Himawari which have high temporal 
resolution (≥ 1 day), but coarse spatial resolution (≥1 × 1 km) (e.g., 
Oyoshi, 2014; Qiao et al., 2013), thereby having to focus on regional or 
larger dynamics. In comparison, the ECOSTRESS instrument’s products 
have a 70 × 70 m gridded spatial resolution and a 1–5 day revisit time. 
Actual spatial resolution of ECOSTRESS is affected by the zenith view 
angle of the imagery acquired due to the ‘push whisk-broom’ image 
acquisition movement of the focal plane of the instrument. Actual res-
olution has its finest resolution of 69 × 38 m at nadir (0◦) but resolution 
decreases with view angle, up to the maximum angle of ~26◦ (Anderson 
et al., 2021). The ECOSTRESS instrument on the International Space 
Station (ISS) consists of a thermal infrared radiometer with five bands 
(three active) allowing for accurate emissivity corrections (Hook et al., 
2019). Most importantly, the precessing orbit of ISS and ECOSTRESS 
results in revisits at a different local time each orbit, allowing for 
modeling of diurnal dynamics. The higher spatial resolution of ECO-
STRESS is particularly useful as forest restoration sites are typically 
smaller than 1 km2 (Cramer et al., 2008; Londe et al., 2020; Stanturf 
et al., 2014), and are often narrower than 1 km, such as in the case of 
restoration of riparian zones, roads, or power-corridors (e.g., Suganuma 
and Durigan, 2015). ECOSTRESS LST and instantaneous ET measure-
ments have shown a high degree of agreement with ground-based eddy 
covariance measurements and ground-based temperature targets (Fisher 
et al., 2020; Hook et al., 2019). A preliminary study using ECOSTRESS 
data from only late summer 2018 found that forest restoration decreased 
diurnal variability through decreasing maximum daytime LST and 
increasing night-time minimum LST (Hamberg et al., 2020). 

In this study, we use ECOSTRESS data to compare and quantify the 
pace and trajectory of forest restoration in terms of relative mean day-
time LST and ET and relative diurnal LST and ET variability and dy-
namics. ET and LST is measured relative to nearby mature forests to 
normalize ECOSTRESS data captured on different days, we refer to these 
measures as relative land surface temperature (RLST) and relative 
evapotranspiration, instantaneous (RETi). We specifically address the 
following three questions: 1) What is the relative difference in diurnal 
LST and ET dynamics between a starting, or ‘pre-restoration’, state of 
agriculture, ongoing forest restoration, mature forest sites similar to the 
target state of restoration and, the competing land use of residential 
suburban sites? 2) How does relative LST and ET change with the age of 
restoration sites? And 3) how long does it take for a restoration area to 
reach the same surface temperature and ET as the mature forest sites? 
Through these measurements and multiple comparisons, we present a 
gradient of LST and ET from residential, to agricultural, to different 
stages of restoration, to intact forest. Understanding LST and ET dy-
namics along this gradient is important to improve forest management 
and restoration as these dynamics reflect the speed, efficacy, and tra-
jectories of forest recovery and restoration efforts. 

We hypothesize that increases in biomass and plant function and 

structure will decrease summer daytime RLST and increase diurnal 
thermal buffering capacity. Specifically, we predict that forest restora-
tion sites will exhibit lower summer daytime RLST at their daily peak, 
and lower diurnal RLST variation, than agricultural sites (pre-restora-
tion state), but higher than mature forest sites (post-restoration-state). 
We also predict that the suburban residential sites, with its roads, 
buildings, and low-biomass lawns to be hottest and have the least 
buffering. We hypothesize that RETi will be affected by biomass, 
ecosystem function, irrigation (croplands and lawns), and overall soil- 
water availability. However, due to the complexity of water availabil-
ity and use, we do not predict whether forest restoration would have 
higher or lower RETi than other land uses. We do however predict that 
REti, as well as RLST, of restoration sites will converge with that of 
mature forest sites as the restoration sites increase in biomass, diversity, 
complexity, and canopy coverage towards a mature state (30–50 years). 
Answering these questions and testing our predictions will increase our 
theoretical understanding of how diurnal LST and ET dynamics change 
with forest restoration, which in turn improves our ability to effectively 
monitor and assess the pace and trajectory of forest restoration projects 
using ECOSTRESS and similar moderate resolution thermal imagers. 

2. Methods 

2.1. Study sites 

Two groups of restoration sites in southern Ontario, Canada were 
selected for this study (Fig. 1). These are large but fragmented groups of 
temperate forest restoration projects of varied ages which were mainly 
restored from former agriculture fields. The two groups of sites differed 
in restoration methods, species mix, soil conditions, and geographic 
locations. 

The first group of sites, located in Norfolk County, Ontario is part of a 
restoration and conservation project by Nature Conservation of Canada 
(NCC) (Fig. 1A). The NCC project includes 51 separate properties where 
restoration and/or conservation has, or will be, undertaken on one or 
more separate fields (Nature Conservancy of Canada, 2006). Restoration 
at NCC sites was conducted using a high diversity seed-mix (~80–100 
species) to transform formerly agricultural land into oak-savannah and 
oak woodland (Nature Conservancy of Canada, 2006). Restoration was 
conducted incrementally with the ‘oldest’ site initially restored in 2006 
and the most recent site in 2019. In total, the project has initiated 
restoration of 742 ha as of 2020. The restoration and conservation sites 
are sub-divided into five management blocks by the NCC (black circles 
in Fig. 1A). The landscape around the restoration sites consisted mainly 
of mixed deciduous forest and agriculture, including corn, tobacco, soy, 
and ginseng (site visits, Norfolk County, ON, August 2020). 

The second group of restoration sites were implemented by the 
Toronto and Region Conservation Authority (TRCA) within Caledon, 
Peel Region, between 2007 and 2018 (Fig. 1B). The area includes 
approximately 60 different restoration projects and sites over a total of 
170 ha. Forest restoration at TRCA sites was conducted mainly on 
former agricultural and marginal land through mechanical or hand 
planting of seedlings and saplings of shrubs and tree species, including 
cedar (Thuja sp.), dogwood (Cornus sp.), maple (Acer sp.), willow (Salix 
sp.) and pine (Pinus sp.) species. The landscape around sites consists of 
agricultural fields (including corn, soy, and wheat (site visits, Peel Re-
gion, ON, August 2020)), forests, tree plantations, and low-density 
suburban residential areas. 

2.2. Site selection 

Restoration sites were included in the study if they were being 
restored towards a forested state on mainly former agricultural land. The 
restoration sites were then compared to active agriculture sites similar to 
the ‘pre-restoration’ starting state of restoration sites, mixed deciduous 
forest sites similar to the ‘post-restoration’ target state of the restoration 
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projects. We also include sub-urban residential areas due to it being a 
competing land-use of former farmland. 

Restoration sites were included if they were larger than 2 ha and 
wider than 100 m. Two ha equal approximately four 70 × 70 m pixels in 
ECOSTRESS imagery. Each site’s vector polygon was decreased by a 50 
m internal buffer to limit the thermal effects of the surrounding land-
scape on the area of interest (Tuff et al., 2016). Sites which had pre-
scribed burns (n = 3) were excluded from the study. 

In total, 35 restoration sites were included for the NCC group, with a 
mean site size of 12.6 ha, ranging between 3.9 and 31.4 ha (Fig. 1A, teal 
polygons). These 35 sites represented initial restoration in 10 different 
years within the span of 2007–2019 (Table 1). Eight restoration sites 
were included for the TRCA group, with a mean site size of 6.1 ha and a 
range between 2.1 and 15.3 ha (Fig. 1B, teal polygons). TRCA sites 
represented six different years of initial restoration between 2007 and 
2018. 

A paired area of mature forest was chosen as a reference ecosystem 
for each restoration site in both the NCC and TRCA groups (Fig. 1, green 
polygons). The criteria for paired mature forest area selection were full 
canopy cover of mixed deciduous forest; approximately similar in size 
and shape to the restoration areas; as close as possible to the restoration 
site. The maximal distance between paired restoration and forest sites 
was 700 m, with 36 out of 43 pairs directly adjacent to each other. Forest 
maturity and intactness was selected based on visual inspection of aerial 
imagery from 1954 and visual Landsat imagery from 1984 to 2020 
(Hunting Survey Corporation Limited, 1954; U.S. Geological Survey, 
2016). 

Along with the smaller paired mature forest areas, two larger mature 
protected forests were also selected as references to allow for intra- 
seasonal comparisons between all land-covers with a stable and rela-
tively predictable area (see section 2.4). The largest intact protected 
non-plantation forest in each area was selected – Backus Woods (BW) 

Fig. 1. (A) Map of the NCC group of sites in Norfolk County and (B) the TRCA group of sites in the Town of Caledon. Black ovals show five management blocks used 
by NCC. In the top left insert maps, the red areas show the location of Ontario and the area of interest within Ontario respectively. Base imagery from Esri et al. 
(2021). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Nature Preserve for the NCC group of sites, and Albion Hills (AH) 
Conservation Park for the TRCA group of sites (Fig. 1, pink polygons). 
Both these sites have been protected from logging or development since 
1955 (Curran, 2018; Strader, 2017). 

Active non-shaded agriculture was identified using summer 2020 
Landsat 8 visual and Normalized Difference Vegetation Index (NDVI) 
imagery through the LandLook Viewer (https://landlook.usgs.gov/). 
Agricultural sites were selected based on closeness to restoration sites 
and approximately similar size and shape to restoration sites. Twelve 
agricultural sites were included for The NCC area (three for each 
restoration block) and eight for the TRCA area (Fig. 1, orange polygons). 

Site selection of residential sites was based on proximity to restora-
tion sites and similarity in size. Four areas within the TRCA group 
containing suburban residences were included in this study (Fig. 1B, red 
polygons). Residential sites were not included for the NCC area as it is 
more rural and does not include large enough residential areas. 

2.3. Imagery selection and processing 

All ECOSTRESS products are free and publicly available to download 
through the AppEEARS tool (https://lpdaac.usgs.gov/tools/appeears/). 
LST data products from ECOSTRESS are corrected for emissivity and 
atmospheric conditions (Hulley and Freepartner, 2019). The Priestley- 
Taylor Jet Propulsion Laboratory (PT-JPL) evapotranspiration product 
used in this study inputs results from the ECOSTRESS LST product, along 
with data from MODIS, Landsat and/or ground-level weather stations, 
into an algorithm based on the Priestly-Taylor equation for ET (Fisher 
et al., 2020). This study used the instantaneous ET product, which is 
measured in W/m2 as it represents the energy transformed through 
latent heat flux as water is vaporized. 

All ECOSTRESS LST imagery for the groups of sites in the growing 
season (June 1st to September 30th) of 2020, as well as quality control 
(QC) and cloud layers, were examined for their useability. Imagery was 
removed if extensive quality issues were identified or if clouds covered 
>20% of the study areas. Nineteen usable LST images were included of 
the NCC group area, and 15 of the TRCA group area (Fig. 2). 

For included imagery, pixels identified as cloud-covered or low 
quality (QC layer bit-value) were removed (Fisher et al., 2020; Hulley 
and Freepartner, 2019). LST and ET mean values were extracted for each 
field vector using the Zonal Statistics tool in QGIS. Site values were only 
included in the analysis if pixel removal due to cloud cover or quality 
issues was <25% of total pixels for that site. ECOSTRESS zenith view 
angle affects actual pixel size. For reference we calculated view angle as 
the mean for each group of sites for each imagery and report mean and 
max view angle of all imagery for each group of sites in Table 1. We did 
not set a maximum for view angle or exclude imagery because of it. 

Graphs of view angle by date and group of sites for each image are 
available in Appendix A. 

From the PT-JPL ET product, we used the instantaneous ET (Eti) 
product in this study. Due to the requirement of cloud-free data from 
MODIS to execute the ET calculation, and as ET is only calculated during 
daytime, there are fewer ET products than LST ones. Usable ET products 
were limited to nine for the NCC group area and three for the TRCA 
group area. We considered the three data points of TRCA sites to be 
insufficient for diurnal comparisons and modeling and therefore only 
included the NCC group of sites for ET tests. 

ECOSTRESS aims for a 50 m geolocation accuracy to ground (Smyth 
and LePrince, 2018). However, due to uncertainty of ISS positioning, 
and at times with less pronounced thermal difference (night especially), 
5 images showed errors up to 3 km. To fix this error, LST and ET images 
were georeferenced to a base-map manually in QGIS (QGIS Develop-
ment Team, V 3.16), where necessary to achieve <50 m accuracy. Small 
lakes, road intersections, and other thermally distinct areas were used as 
georeferencing points. 

2.4. Statistical analysis 

The precessing orbit of ECOSTRESS allows for observations at 
different times of the 24-h day, multiple times during a season. How-
ever, it generally does not provide multiple images from the same day. 
Therefore, to study differences in relative diurnal LST and ET dynamics 
we first compressed all data acquired from ECOSTRESS on different 
dates into a single 24-h cycle. Then, to control for daily insolation and 
weather variability, we calculated the relative land surface temperature 
(RLST) and relative instantaneous evapotranspiration (RETi) for all sites 
relative to that of mature reference forest areas. When comparing mul-
tiple site types, we calculated RLST and RETi as the mean value of the 
site of interest minus the mean value of a large mature and protected 
reference forest area (Fig. 1, pink polygons). For example, comparing 
LST between site types, the formula would be: LSTsite of interest – LST large 

protected mature forest site = RLST. When comparing only forest restoration 
sites to each other, RLST and RETi were calculated relative to nearby 
paired mature forest areas (Fig. 1, green polygons), in the same image. 
Paired mature forest sites provide closer comparisons to each restoration 
site, than one large, protected site but pairing was not possible when 
comparing all site types. For all results involving RLST and RETi, the 
large mature protected forest area or paired mature forest area used for 
comparison has its value subtracted from itself, creating the zero-line in 
graphs and plots. Note that our use of RETi is different from when actual 
ET is compared to potential ET, which has also been referred to as 
relative or reference ET. 

Similar methods have been used for comparing relative temperature 
change over time in thermal remote sensing (e.g., Cai et al., 2019; Elsen 
et al., 2020). However, unlike other studies that have used the mean of 
the full study area (Cai et al., 2019) or a central pixel within a moving 
window (Elsen et al., 2020) as the relative comparison, our approach 
uses nearby mature forest areas which are expected to have a relatively 
similar response to variation in insolation and weather, and thereby LST, 
throughout the area of interest (Hamberg et al., 2020; Lin et al., 2020; 
Michaletz et al., 2015). Calculating the temperature relative to a nearby 
mature forest area should also be physically and eco-physiologically 
closer to our sites of interest than using the full study area or a central 
pixel. Adjusting for intra-seasonal change in photosynthetic activity, 
biomass accumulation, and weather patterns for diurnal modeling is a 
challenge that has been discussed in the context of other satellite in-
struments. (Cai et al., 2019; e.g., Giglio, 2007). Currently, there is no 
ideal method or instrument that can remove all variability (Cai et al., 
2019; e.g., Giglio, 2007). However, ECOSTRESS provides more obser-
vations at different diurnal times during the growing season than any 
other moderate resolution thermal imager so far. 

High wind speed and/or humidity could affect RLST and RETi in 
Fig. 2. Date and time during the day of capture of each ECOSTRESS thermal 
image used in this study. 
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ways unconnected to ecosystem function and energy conversion and 
storage (Bonan, 2008; Michaletz et al., 2015; Song et al., 2016). Based 
on literature, we removed imagery if wind speed exceeded 25 km/h or 
relative humidity exceeded 80% (Bonan, 2008; Michaletz et al., 2015; 
Song et al., 2016). Hourly measurements were taken from the nearest 
ground-level weather station available – 29 and 69 km from furthest site 
for NCC and TRCA respectively (Environment Canada, 2021). Wind-
speed, humidity, air-temperature (noon and at hour of image), and 4- 
day precipitation graphs are available in Appendix A. No imagery had 
to be removed due to high wind speeds or humidity at the time of 
capture. 

To better understand how forest restoration affects LST and ET we 
built a series of statistical models. In total nine models were developed, 
three each of RLST for the NCC and TRCA sites, and three of RETi for the 
NCC sites (Table 2). These models and tests applied to them are 
described in the following two sub-sections. For all following sub- 
sections, an alpha of 0.05 was applied to all statistical models for 
determining significance. All statistical analysis, diagnostics plots, and 
assumption tests performed in R (v. 4.0.3, R Project, 2020) are available 
in Appendix B. References to all R packages used are included in Ap-
pendix B. ANOVA and Welch’s test on peak LST and ET were performed 
in XLSTAT (v. 2021.1.1, Addinsoft, 2021) and tests on their assumptions 
are available in Appendix C. All data are available in Hamberg (2022). 

2.4.1. Analysis of difference in RLST 

2.4.1.1. Comparing the RLST diurnal pattern of restoration with other site 
types. The difference in RLST between land cover site types (i.e., agri-
culture, forest restoration, paired mature forests and suburban resi-
dential (TRCA only)) was visualized using a spline regression fit to the 
diurnal data. Spline regression was selected over alternative regression 
methods (e.g., linear polynomial or sinusoidal regression) as it allows for 
a skewed daytime distribution and a flatter night-time curve. Spline 
regression is commonly used for interpolating diurnal peaks and visu-
alizing time-series data (e.g., Aires et al., 2004; Cai et al., 2017; Chen 
et al., 2006; Gianinetto and Villa, 2007). We set spline knots to 4, 8, 12, 
16 and 20 h, and used cubic splines. The knot at 20 h was omitted for the 
TRCA sites due to lack of images acquired near or at this time. 

We next tested and quantified the differences in RLST among site 
types during the diurnal ‘period of peak difference’ using two-way 
ANOVA or Welch’s corrected ANOVA. Diurnal ‘period of peak differ-
ence’ in RLST was defined as the two hours on either side of the time of 
maximal difference between restoration sites and the reference pro-
tected forest sites occurred as per the spline regression. For example, if 
the peak difference was identified at 14:00 local time, the period was 
from 12:00 to 16:00. The reason for choosing a 4-h period, rather than 
the exact peak, was to decrease the effect of any single thermal image 
measurement while still focusing on the time of day where RLST 

differences were greatest between site types. Beyond determining the 
peak of RLST for different site types (and thereby the imagery included 
in the ‘period of peak difference’), the spline regression lines were not 
used for any statistical testing and only included for visualization. For 
the TRCA group of sites, we used a 2-way ANOVA with interaction to 
model how mean RLST varied as a function of the categorical variables 
of site type and image ID. Image ID was included to test the effect of 
including multiple images taken at different diurnal times. For the NCC 
sites, we used Welch’s corrected ANOVA instead of classic ANOVA, as 
the assumption of equal variance of residuals required for ANOVA was 
not fulfilled. For all ANOVA in this study, the assumption of normality 
was tested using the Shapiro-Wilk test and that of equal variance using 
Levene’s test. Where ANOVA results were significant, Tukey’s HSD was 
used as the post-hoc test. The Games-Howell test was applied as the post- 
hoc pairwise comparison where Welch’s test results were significant. 

2.4.1.2. 24-h variation in RLST. We examined how diurnal (24-h) 
variation in RLST varied among sites. We were specifically interested in 
testing if restored sites exhibited increased thermal buffering (i.e., 
decreased diurnal temperature variation). Variation was measured as 
the standard deviation of the mean of RLST for each site over all 
included imagery. We used standard deviation in RLST as the response 
variable in a one-way ANOVA with site type as the categorical predictor. 
Standard deviation, as opposed to variance, of RLST is useful in this case 
as it represents the fields’ respective diurnal LST variations from that of 
their associated protected forests’ LST, while retaining the original unit 
of measurement. Significant differences were further tested and quan-
tified using the Tukey-adjusted estimated marginal means (emmeans) 
post-hoc test, as it is adjusted for unbalanced paired models. 

2.4.1.3. Modeling change in diurnal RLST with time since restoration. To 
investigate the potential difference in RLST with years since restoration, 
we first visualize diurnal RLST by graphing it against sites grouped by 
years since restoration. For visualization, restoration sites were grouped 
into three categories based on “years since restoration began”: 1–5, 6–9, 
and 10–14 years. A cubic spline regression was applied to the grouped 
data. We set spline knots to 4, 12 and 16 h for NCC sites and 12 and 16 h 
for TRCA sites. 

To test if years since restoration (fixed independent factor) had a 
significant effect on daily RLST (dependent factor), we used a linear 
mixed effects regression model. The model also included restoration site 
size and time from peak difference as fixed effect independent factors 
and site as a random factor, as there were multiple image measurements 
associated with each site. As we used sites of different age, within the 
same growing season, this is a space-for-time substitution model where 
years since restoration was treated as a discrete variable. We only 
include daytime measurements (± 6 h from peak RLST difference, as 
established in section 2.4.1) in this model as we do not expect nighttime 

Table 2 
Summary of statistical models developed. Each model of RLST was developed separately for TRCA and NCC sites. Additional variables includes both fixed and random 
factors.  

Measure and 
groups 

Dependent 
variable 

Reference site used for 
relative measurements: 

Main independent variable Additional 
Independent variables 

Test Imagery included 

RLST - NCC 
and TRCA 

Mean RLST Large Protected Mature 
Forest 

Site type: Agriculture, Restoration, 
Paired Forests, Residential* 

Image ID Two-way ANOVA 
/Welch’s 

Within ±2 h of 
peak difference 

SD of 24-h mean 
RLST 

Large Protected Mature 
Forest 

Site type (as above)  One-way ANOVA All 

Mean RLST Smaller Paired Mature Forest Years since restoration (discrete 
variable) 

Size, time from peak, 
site name 

Linear mixed- 
effects regression 

Within ±6 h of 
peak difference 

RETi – NCC Mean RETi Large Protected Mature 
Forest 

Site type: Agriculture, Restoration, 
Paired Forests, Residential*  

Welch’s ANOVA Daytime (11 am – 
7 pm) 

SD of 24-h mean 
RETi 

Large Protected Mature 
Forest 

Site type (as above)  One-way ANOVA Daytime (11 am – 
7 pm) 

Mean RETi Smaller Paired Mature Forest Years since restoration (discrete 
variable) 

Size, site name Linear mixed- 
effects regression 

Daytime (11 am – 
7 pm)  

* Suburban residential sites only included for TRCA group of sites. 
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RLST to decrease with time since restoration. Time from peak RLST 
difference was included in the linear mixed effects model as we expected 
the RLST difference to be smaller in the morning and evening. To create 
a presumed linear relationship, time from peak difference was measured 
equally in both ‘directions’ so that if peak was at 13:00, then 12:00 and 
14:00 are both counted as the same time (1 h) from peak. The time of 
peak difference was determined based on spline regression curves fit to 
the grouped restoration site RLST data. Size of the restoration field was 
included as larger sites may be less affected by temperature, shading and 
colonization from the surrounding landscape matrix than smaller sites 
with less interior core and more edge (Tuff et al., 2016). We used the 
Kenward-Rogers degrees of freedom method and computed the condi-
tional R2 for the full model, and marginal R2 for fixed effects only 
(Nakagawa and Schielzeth, 2013). Assumptions for the model were 
tested through visual inspection of diagnostic plots, as recommended in 
(Zuur et al., 2009). 

2.4.2. Analysis of difference in RETi 
Analysis of RETi followed the same methods as the RLST analyses 

described above, although only for the NCC group of sites. Due to overall 
fewer ET data products available (n = 9), and because all were captured 
during summer daytime (11 to 19 EDT), we included all image products 
in comparisons of difference in RETi between site types. For visualiza-
tions we used a cubic regression as it fit the data best compared to other 
linear models or spline models, but it was not used beyond visualization. 

Welch’s corrected ANOVA was applied to RETi data to establish 
differences between mean RETi of site types (agriculture, restoration, 
smaller mature forests). We also compared the standard deviation in 
RETi for each site type through a one-way ANOVA. 

We compared RETi for restoration sites by years since restoration. 
RETi was plotted by diurnal time, with sites clustered into three cate-
gories based on “years since restoration began”: 1–5 year, 6–9 year, and 
10–14 years. The data was then fit to cubic regression curves. To model 
the change in RETi with time since restoration we fit a linear mixed 
effects model to test the relationship between RETi and years since 
restoration (as a discrete variable) and again used site as a grouping 
factor (random effect). 

Fig. 3. Land surface temperature (LST) in the NCC (A) and TRCA groups of sites ordered by time of day and grouped by site type, and relative land surface tem-
perature (RLST), relative to the temperature of the large, protected reference forest site in the same image (black x-axis zero line) for the same groups of sites (C and 
D). Horizontal dashed brackets in C and D indicate period of peak difference. Cubic spline linear regression added for visualization purposes only. The 95% con-
fidence level of the standard error is provided as shading around each curve. 
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3. Results 

3.1. Difference in diurnal RLST dynamics 

3.1.1. RLST by site type 
LST shows an overall increase in temperature towards mid- 

afternoon, decreasing into evening as expected (Fig. 3A and B). How-
ever, there are data points which deviate from expected diurnal changes, 
but these may be explained by seasonal, weather, and view angle dif-
ferences at different dates. One of the more obvious ones is the relatively 
high temperatures (~20 ◦C) at 23:48 (image taken on July 27th) for the 
NCC group of sites compared to overall lower temperatures at 22:37 
(image taken September 14th). 

All site types in both the TRCA and NCC groups of sites show an 
increase in RLST (i.e., a decrease in thermal buffering) when compared 
to the large mature protected forests (x-axis zero line in Fig. 3) over the 
day. RLST of all site types rise from the morning, peaking in early af-
ternoon and subsequently decreasing towards the evening. The NCC 
restoration sites’ spline regression curve peaked in difference from the 
Backus Woods forest at 14:15 (Fig. 3C). The RLST of agriculture sites 
appears to peak later in the day than other site types in the NCC sites, but 
this pattern is not apparent for TRCA agriculture sites. 

With the peak period set for 12:15 to 16:15 EDT (14:15 ± 2 h), four 
ECOSTRESS thermal images were included for the NCC sites. RLST of 
sites types were found to be statistically significantly different (ANOVA; 
F(2,98.0) = 61.5, p < 0.001, adjusted R2 = 0.38). All site types were 
statistically distinct from each other as per post-hoc testing. Agricultural 
fields had the highest mean RLST within the 4 h peak period of 9.8 ◦C 
above that of the large mature forest site. Restoration fields had a mean 
peak period temperature of 5.4 ◦C. Mature forests had the lowest peak 
period RLST of 2.5 ◦C (see Appendix C for data tables). 

The results from the TRCA group of sites were in large part similar to 
those of the NCC group of sites. The TRCA restoration sites had the 
highest mean RLST compared to the protected mature Albion Hills forest 
near 14:05 EDT as per the spline regression (Fig. 3D). Period of peak 
difference for the TRCA group was therefore set to 12:05 to 16:05 EDT 
(14:05 ± 2 h) for the ANOVA. Three ECOSTRESS thermal images were 
within this time-span and therefore included in the two-way fixed 
ANOVA of peak period RLST difference. There was a significant 

difference in mean RLST by site type (F(3,62) = 36.1, p < 0.001) and by 
image ID (F(2, 62) = 9.2, p < 0.001) for the TRCA sites. No statistical 
difference was detected based on the ‘site type by image ID’ interaction 
term (F(6, 62) = 0.6, p = 0.725, adjusted R2 = 0.62) in the same test. 
Residential sites had the highest mean peak RLST (10.3 ◦C), followed by 
agricultural fields (5.9 ◦C). Restored fields and mature forests had the 
lowest mean peak RLST of 2.9 ◦C and 1.3 ◦C, respectively (see Appendix 
C for data tables). 

Standard deviation in RLST over the full 24-h cycle of NCC sites 
differed significantly among site types (ANOVA; F(2,82) = 65.3, p <
0.001), and each pair-wise difference was also significant (Fig. 4A). 
Standard deviation in RLST was highest for agriculture fields (mean SD 
= 5.16 ◦C), lowest for forest sites (mean SD = 1.69C◦), and intermediate 
for the restoration sites (mean SD = 2.89 ◦C). 

RLST differed significantly between site types for the TRCA sites 
(ANOVA; F(3,23) = 15.2, p < 0.001). For the TRCA sites, post-hoc testing 
identified no statistically significant differences between restoration and 
forest sites, or between residential sites and agriculture sites. However, 
significant differences were found between all other site pair-wise 
comparisons, notably between agricultural sites and restoration sites. 
The standard deviation of RLST was highest for residential sites (mean 
SD = 4.30 ◦C) and agriculture sites (mean SD = 3.25C◦), and lowest for 
restoration sites (mean SD = 1.99C◦) and forest sites (mean SD = 0.82C◦; 
Fig. 4B). Site “MF5728” was removed from the TRCA site analysis of 
standard deviation as the Dixon test registered its standard deviation 
temperature result as an outlier. The removed site was located in the 
smallest forest and surrounded by active agricultural fields. 

3.1.2. Modeling change in RLST by years since restoration 
RLST of all age-grouped NCC restoration sites peak near 14:00 EDT 

and decline towards night-time as per their spline regression curves 
(Fig. 5A), although older restoration sites appear to have lower peaks 
relative to younger sites. Fewer overall sites, and only one site in the 1–5 
year age group increased confidence intervals of the spline regression 
curve for the TRCA sites (Fig. 5B), as compared to the NCC sites. The 
peak of RLST difference for TRCA sites, averaged by age-group, was at 
approximately 13:00 EDT (Fig. 5). There is no apparent shift in peak 
time with restoration age-group for the either group of sites. 

We found a significant decrease in mean daytime RLST of − 0.1C◦ per 

Fig. 4. Boxplot of the standard deviation of the relative land surface temperature (RLST) of each site type in the NCC and TRCA group of sites relative to the LST of 
the Backus Woods (NCC) or Albion Hills (TRCA) large mature protected reference forest (x-axis zero-line) over the full 24-h cycle. Boxes represent quartiles of the 
data, whiskers represent 1.5 interquartile range from nearest quartile, or most extreme value, whichever is shortest. Horizontal line in box represents median and 
larger dot represents mean. Points for sites are jittered for easier viewing. Letters indicate significant difference (p < 0.05) as per Tukey-adjusted pairwise post 
hoc test. 
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year since restoration for the NCC group of restoration sites as deter-
mined by the linear mixed effects regression (p = 0.038, Table 3). There 
was also a significant effect of restoration area size, and hours from 
14:00 peak. The model has a marginal R2 of 0.37, meaning that the fixed 
independent factors explained more than a third of the variation in the 
data. The relative difference in LST between NCC restoration sites of 1 to 
5 years, and their paired mature forests, for the hours studied, was be-
tween 1 and 4 ◦C. Assuming a continued linear decrease of 0.1C◦/year, 
and a mean daytime RLST difference of 3 ◦C, the restoration sites would 
reach the same daytime surface temperatures as their paired mature 
forest sites in approximately 32 years (3.1% change per year). 

For the TRCA group of restoration sites’ linear mixed effects 
regression, peak time was identified as 1 pm (Table 4). Statistically 
significant decreases in RLST were found based on hours from 1 pm peak 
and from restoration area size. However, no significant change in RLST 
on years since restoration was found. 

3.2. Difference in diurnal RETi dynamics 

3.2.1. RETi by site type 
Absolute ETi decreased from a peak mean of approximately 300 W/ 

m2 at mid-day (11:30 to 13:40 EDT), to approximately 100 W/m2 in the 
late afternoon/evening (17:10 to 19:00) (Fig. 6A). The NCC sites were 
consistently cloudy in the morning at the time of ISS/ECOSTRESS fly- 
over (prior to 11:00), resulting in no cloud-free data to extend the 
diurnal curves. RETi appears to increase for all site types over time of 
day from before noon to late afternoon (Fig. 6B). The adjusted R2 of the 
cubic regression of RETi over time of day was 0.39, this was also un-
changed when including site type. 

We found a significant difference in mean RETi between site-types 
(ANOVA; F(2, 252) = 3.14, p = 0.045). However, the adjusted R2 of 
0.01 indicated that negligible variability was accounted for in this 
model. Because of the very low R2, we did not perform further post-hoc 

Fig. 5. Mean relative land surface temperature (RLST) of restoration sites relative to the mean temperature of their paired mature reference forest sites (represented 
by the x-axis zero-line) over time of day for the (A) NCC group and (B) TRCA group. A cubic spline regression curve has been fitted for three groups of restoration 
ages. The 95% confidence level of the standard error is provided as shading around each curve. The NCC group has 8 fields 1–5 years old, 20 fields 6–9 years, and 7 
fields 10–14 years. TRCA has 1 field 1–5 years, 2 fields 6–9 years and 5 fields 10–14 years. 

Table 3 
Linear mixed-effects model with daytime relative land surface temperature 
(RLST) of NCC restoration sites relative to the mean surface temperature of 
paired mature reference forest site as dependent variable. Years since restora-
tion, size of restoration area (ha) and hours from 14 EDT peak as fixed effect 
independent variables. Restoration site is used as random effect grouping factor. 
DF. (K-R) – Degrees of Freedom, Kenward-Roger estimation method. Marginal- 
R2 includes fixed effects only, Conditional R2 include all factors. Significant 
(95% CI) p-values bolded.   

RLST (C◦)    

Coefficient Std. 
error 

DF. (K- 
R) 

t-value p-value 

Years Since 
Restoration 

− 0.094 0.043 29.8 − 2.170 0.038 

Restoration area size 
(ha) 

0.067 0.020 30.6 3.263 0.002 

Hours from 14 EDT 
peak 

− 0.605 0.040 30.6 − 15.154 <0.001 

Constant 3.319 0.500 34.1 6.635 <0.001 
Observations (fields) 402 (35)     
Marginal/ 

Conditional R2 
0.37/0.57      

Table 4 
Linear mixed-effects model with relative land surface temperature (RLST) of 
TRCA restoration sites relative to the mean surface temperature of paired mature 
reference forest site as dependent variable. Years since restoration, size of 
restoration area (ha) and hours from 13 EDT peak as fixed effect independent 
variables. Restoration site is used as random effect grouping factor. DF. (K-R) – 
Degrees of Freedom, Kenward-Roger estimation method. Marginal-R2 includes 
fixed effects only, Conditional R2 include all factors. Significant (95% CI) p- 
values bolded.   

RLST (C◦)    

Coefficient Std. 
error 

DF. (K- 
R) 

t-value p-value 

Years Since 
Restoration 

− 0.001 0.902 5.8 − 0.602 0.994 

Restoration area size 
(ha) 

0.167 0.048 5.8 1.677 0.024 

Hours from 13 EDT 
peak 

− 0.411 0.107 5.8 − 7.038 <0.001 

Constant 0.767 0.106 5.8 1.902 0.434 
Observations (fields) 54 (7)     
Marginal/Conditional 

R2 
0.37/0.38      
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testing. 
We found no significance in the standard deviation of RETi (between 

11:00 and 19:00) between site types (ANOVA; F(2,79) = 0.09, p =
0.909). The mean standard deviation of RETi varied by 45–50 W/m2 

more for all site types (Fig. 7) as compared to that of the large, protected 
forest (Backus Woods). 

3.2.2. Modeling change in RETi by years since restoration 
Visually the RETi of restoration sites grouped by age appeared to fall 

into two patterns: observed RETi of restoration sites 6–9 and 10–14 
years since restoration, had a mean within 10 W/m2 of their paired 
forest area throughout the diurnal period, while sites 1–5 years old had a 
higher and more varied RETi. The RETi of the youngest group of sites 

had means ranging from 5 to 25 W/m2 above that of their paired 
restoration site (Fig. 8). 

RETi decreased significantly (t = − 3.66, p < 0.001) by an average of 
0.8 W/m2 in instantaneous ET continuously throughout summer day-
times per year since restoration, as established by the linear mixed ef-
fects model (Table 5). RETi also increased significantly with the size of 
the restoration site. This model had a marginal R2 of 0.11. The RETi 
difference between the youngest restoration sites and their paired forest 
sites were on average 12.3 W/m2 throughout the day. A 0.8 W/m2 

(instantaneous) per year change then represents a 6.3% change, or 
approximately 16 years to reach ET levels of the forests. However, 
because of the relatively lower marginal R2, RETi results should be 
interpreted with some caution. 

Fig. 6. Cubic regression of (A) absolute instantaneous ET and (B) relative instantaneous ET (RETi) of sites in the NCC group. For B, RETi was calculated against the 
ET of the large, protected Backus Woods reference forest site in the same image. The 95% confidence level of the standard error is provided as shading around 
each curve. 

Fig. 7. Boxplot of the standard deviation of RETi of each site type in the NCC group of sites relative to the ETi of the Backus Woods large mature protected reference 
forest (x-axis zero-line) over the full 24-h cycle. Boxes represent quartiles of the data, whiskers represent 1.5 interquartile range from nearest quartile, or most 
extreme value, whichever is shortest. Horizontal line in box represents median and larger dot represents mean. Points for sites are jittered. 
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4. Discussion 

4.1. Differences in thermal buffering by land cover 

The increase in thermal buffering capacity of forested relative to non- 
forested sites was most pronounced between 12 and 16 local time, 
peaking around 14. Assuming no water stress, relative ET capacity and 
physical heat storage of forests are expected to be greatest and to pro-
vide the most cooling at this time in the afternoon (Meier et al., 2019; 
Xiao et al., 2021). We did not identify any noticeable shifts in the time of 
diurnal peak thermal buffering for different land covers or time since 
restoration, in contrast to what has been hypothesized due to increased 
physical and chemical heat storage (Ulanowicz and Hannon, 1987). 

Temperate forests have been found to reduce diurnal variation of 
temperature when compared to other land cover on a global scale with 
coarse spatial resolution satellites (Meier et al., 2019) and when 
measured locally on the ground with thermometers in a forest (Chen 
et al., 1999). Similarly, we found that our forest sites, measured through 
moderate resolution imagery, had the lowest diurnal land surface tem-
perature (LST) variation, relative to the other land cover classes exam-
ined. If not restored, a common fate for agriculture sites near cities are to 
be developed into low-density residential areas (Cramer et al., 2008). 
Our results show that these residential developments of agriculture 
would shift LST of formerly agricultural lands towards more extremes. 
Suburban residential sites generally have lower plant biomass, diversity, 

and complexity. Heat is also added through energy consumption of 
buildings and traffic and the emissivity and albedo of roofs and paved 
surfaces. Quantifying the difference and pace of change in thermal 
buffering capacity between forest restoration sites and suburban resi-
dential sites can inform and guide decision-makers and planners who are 
deciding the future of former agricultural lands. 

The goal of the active forest restorations studied was to facilitate the 
transition of former agriculture sites to forest, and its success is deter-
mined by changes in function, structure, and diversity (Reif and Theel, 
2017). In this study, restoration sites were found to have a LST variation 
in between that of forest and agriculture sites. In conjunction with the 
result that daytime relative LST (RLST) decreased with years since 
restoration for the NCC group of sites, the relatively lower standard 
deviation of RLST indicates that restoration sites are becoming more like 
mature deciduous forests. Diurnal RLST variation therefore appears 
useful as a measurement of the trajectory and pace of forest recovery 
after restoration. Temperature regulation and thermal buffering has 
mainly been considered an ecosystem service in urban settings, as it 
benefits human well-being (Gómez-Baggethun and Barton, 2013). 
However, the thermal buffering effects of forest restoration in rural 
settings can also be considered a regulating and supporting ecosystem 
service that benefits ecosystem function (e.g., improved water quality 
due to forest stream temperature) and forest habitat, which in turn 
benefits biodiversity. Thermal buffering should be considered in addi-
tion to the other ecosystem services which forest restoration can pro-
vide, such as habitat creation and carbon sequestration (Bullock et al., 
2011). 

4.2. Reduction in daytime temperature with restoration 

Given observed decreases in RLST in response to time since resto-
ration, restoration sites in the NCC group are likely to reach the same 
LST as a mature reference forest ecosystem in the same area after 
approximately 32 years. Decades-old NCC restoration sites have already 
achieved near complete canopy cover, while others are expected to 
reach it in at most another 10 years. In red oaks (Quercus rubra), a 
commonly seeded and planted tree in both groups of restoration sites, 
sexual maturity (i.e., acorn production) typically occurs after 30–50 
years while reaching full size takes longer (50–100 years) (Kormanik 
et al., 2004). We may therefore expect that the decrease of daytime LST 
will continue, although this rate of increase will likely slow as canopy 
closure occurs. This trend would be in line with other studies which have 
found a continued decrease in air-temperature in and above forest 
canopy for forests older than 40 years (Lin et al., 2017; Norris et al., 
2012). 

Variation in RLST of the TRCA restoration sites was intermediate 
between that of the agricultural and forested sites. However, in contrast 
to our expectations, we were not able to identify any significant decrease 
in RLST as a function of time since restoration was initiated for the TRCA 
sites. One possible explanation of this result is that the TRCA sites were 
too small, too few, or with not enough difference in ages, to be accu-
rately measured using ECOSTRESS. TRCA sites had a median size of 3.8 
ha vs. 10 ha for the NCC sites and covered a shorter span of years since 
restoration than the NCC sites. The difference in results between the two 
groups of sites could also be due to differences in restoration methods (e. 
g., site preparation, planting strategies and species composition) or site 
conditions (e.g., soil properties and water tables). Future work should 
examine explicitly differences in the rates of change in restorations sites 
as a function of the different planting strategies employed. 

RLST increased with restoration site size at both the TRCA and NCC 
sites. Noting that the majority of restoration sites primarily bordered 
forest, an explanation for this RLST increase with size may be that larger 
sites have a larger hotter core area located further away from sur-
rounding forest edge, even when taking into account the 50 m internal 
buffer (Tuff et al., 2016). Smaller sites surrounded by forests may also be 
colonized more rapidly by surrounding vegetation (Brunet et al., 2012), 

Fig. 8. Mean paired RETi of restoration sites, relative to ETi of paired reference 
forests, over time of day for the NCC group of sites. To help visualization a cubic 
regression curve has been fitted for three groups of restoration ages. The 95% 
confidence level of the standard error is provided as shading around each curve. 
There were 8 fields 1–5 years old, 20 fields 6–9 years, and 7 fields 10–14 years. 

Table 5 
Linear mixed-effects model of paired RETi of restoration sites as dependent 
variable. Years since restoration and size of restoration area (ha) as fixed effect 
independent variables. Restoration site is used as random effect grouping factor. 
DF. (K-R) – Degrees of Freedom, Kenward-Roger estimation method. Marginal- 
R2 includes fixed effects only, Conditional R2 include all factors. Significant 
(95% CI) p-values bolded.   

RETi – W/m2    

Coefficient Std. 
error 

DF. (K- 
R) 

t-value p-value 

Years Since 
Restoration 

− 0.784 0.214 41.9 − 3.657 <0.001 

Restoration area size 
(ha) 

0.257 0.103 43.2 2.502 0.016 

Constant 7.682 2.393 42.1 3.210 0.002 
Observations (fields) 241 (35)     
Marginal/Conditional 

R2 
0.11/0.16      
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which would also increase the cooling rate. 

4.3. Difference in ET by land cover and with restoration 

We found that the most recently restored sites (1–5 years) in the NCC 
group had the highest daytime temperatures while also appearing to 
have the highest RETi. With the rate of change in the model, the resto-
ration sites would take an approximately 20 years to reach the ET levels 
of the mature reference forest sites. Older restoration sites are more 
similar to the mature forest sites in terms of rate of ET, and may be more 
able to control their water usage through plant transpiration and the 
closing of leaf stomata during times of extreme heat (Bonan, 2008). 
However, the variance captured by the model comparing RETi by years 
since restoration was low (marginal R2 = 0.11), and we did not find a 
substantial difference in either mean or diurnal standard deviation of 
RETi for different land cover types. Improvements in the ECOSTRESS ET 
algorithm or its inputs may be required to compare ET of land cover 
types. Current additional inputs for the ET algorithm come from Land-
sat, MODIS and/or weather stations. These are limited by overlap in 
overpass time, spatial resolution, or the accuracy of spatial scaling. 
Utilizing data from planned satellite imaging platforms that combine 
moderate resolution multi-band thermal imagers, such as NASA SBG 
would reduce this need for overlapping additional inputs (Germain 
et al., 2021). Southern Ontario is a relatively cloudy region, as compared 
to the ECOSTRESS testing site of Southern California (Hook et al., 2019). 
This reduces the amount of useable imagery. Increasing the amount of 
imagery captured by more platforms would improve both the number of 
cloud-free images captured, and the overlap with other imagers needed 
for ET calculations. 

Although our findings regarding ET are less robust than those for 
RLST, they are nonetheless qualitatively in agreement with other studies 
of ET dynamics in forest ecosystems. For example, (Naranjo et al., 2012) 
found that ET rates increased for the first 5–10 years following logging 
due to evaporation from bare soil. The apparent disconnect between LST 
and ET may be explained by the ecology of older restoration sites, in that 
they have higher physical heat capacity in the woody structure of trees 
and shrubs and in the water contained in leaves and stems (Meier et al., 
2019). Vegetation of more developed ecosystems may also thermo- 
regulate through emissivity, albedo, and other trait-related changes 
(Michaletz et al., 2015). Looking at relative ET of restoration sites 6–9 
and 10–14 years, the difference appears to be small, if any. Older but still 
well-documented restoration projects need to be studied in order to 
quantify ET change with restoration over a longer timespan using 
ECOSTRESS or similar instruments. 

4.4. Applications in ecology and restoration 

Further studies are needed to determine the connection between 
diurnal LST variation and thermal buffering and different ecological 
attributes. LST and its variation is tied to ecosystem energy reflection, 
conversion, and storage (Hamberg et al., 2020; Meier et al., 2019; Norris 
et al., 2012), but which attributes (e.g., biomass, diversity, albedo, root 
depth) have the most impact on LST at different times of the day remains 
to be studied. One approach to study these connections would be to 
image experimental forest plots with fixed variation of ecosystem at-
tributes, such as those of the IDENT sites (Tobner et al., 2014), using 
drone-borne or tower-based thermal imagers with high temporal reso-
lution. Another approach is to use larger natural experiments, in the 
form of restoration projects, where site factors vary but restoration 
methods stay constant, or vice versa. These natural experiments could be 
studied, for example, by comparing ECOSTRESS data with data from 
other ISS instruments, such as estimations of CO2 from OCO-3 and forest 
structure measurements from the GEDI LiDAR (Stavros et al., 2017). 
Combining ISS instruments’ data would ensure complete spatio- 
temporal overlap when studying the connection between LST and ET 
dynamics with ecosystem attributes at restoration sites. 

Lack of cost-effective and accurate monitoring methods is an ongoing 
and urgent issue for ecosystem restoration (DeLuca et al., 2010; Reif and 
Theel, 2017). For large, remote, or geographically scattered restoration 
sites monitoring on the ground (by trained ecologists, flux towers, or 
other methods) may not be possible, due to lack of funding or access. In 
these cases, ECOSTRESS and similar moderate resolution thermal im-
aging instruments could be powerful monitoring tools (Anderson et al., 
2021; Hulley et al., 2019). Remote thermal monitoring could identify 
restoration sites that are slow to cool or buffer diurnal temperature, 
where recovery may have been impaired by issues such as drought, 
pests, disease, or a mismatch between seeds/planting stock and site 
conditions (Chen et al., 1999; Hamberg et al., 2020). From the findings 
in this study, and the statistically non-significant results from the smaller 
TRCA sites in terms of temperature change over time since restoration 
and ET change, a rule of thumb for a “large enough” restoration site for 
current moderate resolution thermal imaging may be at least 5 ha, 
rather than 2 ha used in this study. Part of the need for larger minimum 
size of sites, or finer resolution instruments, is the effect of relatively 
large zenith view angles, which lead to coarser spatial resolution (Xue 
et al., 2020). 

Efforts to sharpen the resolution of ECOSTRESS (e.g., Xue et al., 
2020) could potentially decrease the minimum size of restoration sites 
that could be studied. Coordination of orbit and coverage of ECOSTRESS 
with upcoming platforms including SBG, TRISHNA, Copernicus ESA- 
LSTM, and ASI-Platino+, could increase temporal resolution as well 
(Germain et al., 2021). From a restoration ecology perspective, to 
operationalize thermal and ET measures from ECOSTRESS and similar 
instruments, the image products need to be provided pre-processed, and 
in a format where restoration managers can compare data over time for 
their sites in an intuitive and user-friendly interface. Similar re-
quirements would be needed to operationalize ECOSTRESS data for 
measuring thermal buffering as an ecosystem service provided by 
restoration. The relative upside, compared to agricultural or fire moni-
toring, is that due to the relatively slow process of restoration, data 
would not have to processed rapidly or provided daily. A seasonal report 
of relative temperature and ET change may be all a manager needs. Such 
a report could be used to communicate thermal buffering gains to fun-
ders and the public in order to garner further support. These reports 
could also be used to prioritize which sites need to be visited by trained 
staff to diagnose why there is lack of thermal buffering or ET change. 
This diagnosis would then be used to determine how management may 
need to be adapted (e.g., through pesticide spraying, re-planting, her-
bivory fencing). This approach would in many cases be a big step up 
from very little, to no long-term monitoring at all, which is the current 
reality for many forest restoration projects (DeLuca et al., 2010; Reif and 
Theel, 2017). 
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