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ABSTRACT 

 

Forests ecosystems cover about 30% of the Earth’s land surface, corresponding to 

an area of roughly 42 million km
2
 globally. Forests play an important role in the 

global carbon cycle by exchanging carbon dioxide (CO2) with the atmosphere. 

Annually, forests act to effectively sequester large amounts of anthropogenically-

emitted CO2 from the atmosphere through photosynthetic processes. Through the 

unparalleled increase of CO2 emissions over the past century and the subsequent 

climatic inconsistencies due to global climate change, the carbon sink-capacity of 

the world’s forests remains uncertain. Furthermore, since increasing temperatures 

have been shown to extend the vegetative growing season in forests, phenological 

responses to this change are of particular interest. In an effort to effectively assess 

the future carbon sequestration potential of forests, a better understanding of the 

climatic controls on phenology, and its influence on carbon processes, is needed.  

 

The eddy covariance (EC) technique is a stand-level, in-situ, method used widely 

to assess the net CO2 exchange across the canopy-atmosphere interface. Together 

with meteorological data, the sequestration of CO2 and the subsequent ecosystem 

productivity can be quantified over various time scales (half-hours to decades). 

This dissertation reports results from field observations of EC measured fluxes 

that were used to study the climatic impacts on forest phenology and the resulting 

carbon dynamics in southern Ontario, Canada. The study sites, part of the Turkey 

Point Observatory, consisted of two similarly-aged, temperate, North American 

forests growing under similar climatic and edaphic conditions: the 80-year old (in 

2019) white pine plantation (coniferous evergreen) and 90+ year-old, naturally-

regenerated, white oak (deciduous broadleaf) forest. These forests were studied 

from 2012 to 2017, using the EC technique, digital phenological cameras, and 

remote-sensing measurements.  

 

At the deciduous broadleaf forest, mid-summer (July and August) meteorological 

conditions were the key period in determining the annual carbon sink-strength of 

the site, acting to regulate the interannual variability in carbon uptake. The forest 

experienced higher net ecosystem productivity (+NEP; carbon sink) when soil 

temperatures ranged from 15 to 20°C and vapor pressure deficit was 0.7 and 1.2 

kPa. From 2012 to 2016, the forest remained a net annual sink, with mean NEP of 

206 ± 92 g C m
-2 

yr
-1

, similar to that of other North American deciduous forests.  
 

Spring and autumn phenological transition dates were calculated for each year 

(2012 to 2017) from measured EC data and digital camera greenness indices. The 

timing of spring and autumn transition dates were impacted by seasonal changes 

in air temperature and other meteorological variables. Contrary to past studies, an 

earlier growing season start did not equate to increased annual carbon uptake. In 

autumn, a later end to the deciduous forest growing season negatively impacted 

the net carbon uptake of the forest, as ecosystem respiration (RE) outweighed the 
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gains of photosynthesis. The digital camera indices failed to capture the peak 

dates of photosynthesis, but accurately measured the spring and autumn transition 

dates, which may be useful in future remote sensing applications. 
 

A comparison of the two forests from 2012 to 2017 found the coniferous forest to 

have higher but more variable annual NEP (218 ± 109 g C m
-2

 yr
-1

) compared to 

that of the deciduous broadleaf forest (200 ± 83 g C m
-2

 yr
-1

). Similarly, the mean 

annual evapotranspiration (ET) was higher (442 ± 33 mm yr
-1

) at the coniferous 

forest compared to that of the broadleaf forest (388 ± 34 mm yr
-1

). The greatest 

difference between years resulted from the response to heat and drought. During 

drought years, deciduous carbon and water fluxes were less sensitive to changes 

in temperature or water availability compared to the evergreen forest. 

 

Carotenoid sensitive vegetative indices and the red-edge chlorophyll index were 

shown to effectively capture seasonal changes in photosynthesis phenology within 

both forests via proximal remote sensing measurements during the 2016 growing 

season. Satellite vegetative indices were highly correlated to EC photosynthesis, 

but significant interannual variability resulted from either meteorological inputs 

or the heterogeneous landscapes of the agriculturally-dominated study area.  
 

This dissertation improved our understanding of the dynamics of carbon exchange 

within the northeastern North American deciduous forest ecozone, through the 

examination of climatic variability and its impact on carbon and phenology. This 

dissertation also contributed to efforts being made to better evaluate the impact of 

species composition on carbon dynamics in geographically similar forests. 

Moreover, the use of the digital phenological camera observations and remote 

sensing techniques to complement and better understand the fluxes observed with 

the EC method was innovative and may help other researchers in future studies.  
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PREFACE 

 

This dissertation consists of four individual manuscripts that have either 

been submitted or are ready for submission in peer-reviewed scientific 

journals. Results presented in this dissertation originated from research 

done within the Turkey Point Observatory. Naturally, there is some overlap 

in the information (i.e. description of study sites and methodology) and 

results presented in each chapter. However, each manuscript contains 

additional information specifically relevant to the respective study and the 

results of each chapter are distinct from one another. While all four of the 

main chapters present unique ideas and components of my PhD work, this 

thesis also represents a collaborative effort from a number of contributors. 

The specific contribution from the PhD candidate and the co-authors of the 

submitted manuscripts are described below.   

 

 

Chapter 2 

 

Title: How will the carbon fluxes within the northernmost temperate 

deciduous forests of North America fair under future climates? 

 

Authorship: Eric R. Beamesderfer, M. Altaf Arain, Myroslava Khomik,  

         Jason J. Brodeur 

 

Status: Submitted to Journal of Geophysical Research – Biogeosciences   
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Candidate’s Contribution: Eric R. Beamesderfer (the PhD candidate) 

contributed to the collection and processing of flux and meteorological 

data, and to system and instrument maintenance at the deciduous forest 

(TPD) during the study period. The candidate had the lead role in data 

analysis, interpretations, and manuscript write up. Altaf Arain secured 

funding for the research, contributed to field work, and provided valuable 

editorial criticism during the writing of the manuscript. Myroslava Khomik 

provided extensive intellectual and editorial input throughout the writing 

process. Jason Brodeur contributed to the collection of meteorological and 

flux data as well as assistance in the processing of annual datasets.  

 

 

Chapter 3 

 

Title: The impact of spring and autumn seasons’ timing and duration on the 

carbon uptake of a temperate deciduous forest in Eastern North America 
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funding for the research, contributed to field work, and provided valuable 

editorial criticism during the writing of the manuscript. Myroslava Khomik 

provided extensive intellectual and editorial input throughout the writing 

process. Jason Brodeur contributed to the collection of meteorological and 

flux data, and aided in the processing and modeling of annual flux data. 

Alemu Gonsamo provided intellectual input and comments and assisted in 

the phenological modeling of flux data.  

 

 

Chapter 4 

 

Title: Response of carbon and water fluxes to environmental variability in 

two Eastern North American forests of similar-age but contrasting leaf-

retention and shape strategies 
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candidate had the lead role in data analysis, interpretations, and manuscript 

write up. Altaf Arain secured funding for the research, contributed to field 

work, and provided valuable editorial criticism during the writing of the 
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editorial input throughout the writing process. Jason Brodeur contributed to 

the collection of meteorological and flux data, and aided in the processing 
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CHAPTER 1: 

INTRODUCTION 

 

1.1 Changing Climate 

Globally, surface temperatures have risen by 0.85°C over the past century, and are 

predicted to further increase by 2.0 to 4.5°C over the next century (IPCC, 2014). 

These increasing temperatures are correlated with increasing atmospheric 

greenhouse gas concentrations, such as carbon dioxide (CO2), among others 

(Luthi et al., 2008; Solomon et al., 2009). Greenhouse gases and the global carbon 

cycle play an important role in Earth’s climate, acting to trap long-wave radiation 

in the Earth’s atmosphere, supporting further increases in global temperatures 

(Trenberth, 1996; Le Quere et al., 2018). The global mean atmospheric CO2 

concentration has increased from 280 parts per million (ppm) in 1750 to more 

than 405 ppm in 2017 (Joos and Spahni, 2008; Le Quere et al., 2018). Although, 

the global CO2 cycle is coupled to natural climatological and biogeochemical 

processes (Falkowski et al., 2000), the current rapid and alarming increase in 

atmospheric CO2 concentration is largely driven by human activities, such as the 

use of fossil fuels and changes in land use (IPCC, 2014). A portion of atmospheric 

CO2 is subsequently stored in terrestrial biospheres and ocean reservoirs (Running 

and Coughlan, 1988). As a result, seasonal fluctuations in the variability of 

atmospheric CO2 can be attributed to the seasonal cycling of CO2 within terrestrial 

ecosystems, predominantly located in the northern hemisphere (Keeling et al., 
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1996). Accordingly, greater interest has been focused on the role and controls of 

terrestrial ecosystems in the global carbon cycle, in order to further understand 

their impact in future climates (Dixon et al., 1994; Gough et al., 2008). 

 

1.2 Terrestrial Ecosystems and Forests  

Quantifying the role of terrestrial ecosystems in the global carbon cycle is 

increasingly difficult due to the complex biological processes underlying carbon 

storage and the heterogeneity of vegetation and soils (Schimel, 1995; Batin et al., 

2009). Within the low- and mid-latitudes, terrestrial ecosystems store roughly 550 

± 100 Gt C, while the organic matter in soils is 2-3 times this amount (Houghton, 

2007). Among terrestrial ecosystems, forests store a large amount of carbon and 

are a key component in the global carbon cycle. The world’s forests cover ~42 

million km
2
, roughly 30% of the Earth’s total land surface (Bonan, 2008). These 

forests store ~45% of terrestrial carbon, but they are estimated to contain ~80% of 

all aboveground carbon, and 40% of all belowground carbon (Wofsy et al., 1993; 

Dixon et al., 1994; Pan et al., 2013). Globally, the allocation of carbon between 

forests and soils differs by latitude, with the mid-latitudes of the northern 

hemisphere representing a significant sink of atmospheric CO2 (Le Quere et al., 

2018). Many mid-latitude forests in eastern North American were subject to large-

scale deforestation near the start of the past century, releasing CO2 to the 

atmosphere, and producing forest landscapes of different-aged natural and 

plantation forests (Niu & Duiker, 2006; Pan et al., 2011; Goetz et al., 2012). The 
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regrowth of forests and afforestation on former agricultural land in the US and 

Canada is responsible for a significant portion of the overall North American 

forest carbon sink (Dixon et al., 1994; Pacala et al., 2001). In recent years, the 

planting and management of forests has been proposed as a potential means to 

sequester atmospheric CO2, in order to offset greenhouse gas emissions (IPCC, 

2014; Watson and Noble, 2004). Such forests are increasingly important to the 

global carbon cycle, as many forests are relatively young, with the capability to 

accumulate carbon in future decades (Dixon et al., 1994; Barford et al., 2001). 

Therefore, continued research is needed into understanding the annual and 

seasonal carbon budgets of these forests, in order to accurately predict how they 

may respond to changes in climate and age.   

 

1.3 Forest Carbon Exchange 

The net carbon balance in forests consists of two major fluxes: CO2 sequestered 

(sink) through photosynthesis and CO2 emitted (source) from the forest through 

respiration processes. The assimilation of CO2 by forests, in the form of gross 

primary or ecosystem productivity (GPP or GEP, respectively, where GEP is less 

autotrophic respiration), is the largest global terrestrial carbon flux, while the 

concurrent release of CO2 to the atmosphere due to ecosystem respiration (RE) of 

live vegetation (autotrophic) and decomposition of organic matter (heterotrophic), 

accounts for a lesser global terrestrial CO2 flux (Waring et al., 1998; Gower, 

2003; Beer et al., 2010). A small portion of the net balance between these two 
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fluxes regulates the net gain or loss of CO2, defined as net ecosystem productivity 

(NEP) (Chapin, 2006; Cole et al., 2007). However, the quantification of NEP in 

forests is challenging due to the underlying processes and feedbacks associated 

with climate, water, and nutrient cycling within forests (Fan et al., 1998; Band et 

al., 2001). Recent studies indicate major challenges for forest ecosystems due to 

human activity and natural causes such as: fires, droughts, heatwaves, insect 

infestation, deforestation, and land use changes (Attiwill et al., 1994; Amiro et al., 

2010; Allen et al., 2010). Disturbance events may alter forest growth and the 

carbon sink strength, altering annual forest productivity (Cao and Woodward, 

1998; Saxe et al., 2001; Hyvonen et al., 2007). Furthermore, periodic heat and 

drought events have the potential to reduce NEP in forest ecosystems (Ciais et al., 

2005; Piao et al., 2008). While annually, the NEP of mature temperate forests 

typically ranges from 100-700 g C m
-2

,
 
uncertainty remains on how these forests 

will response to future climates (Law et al., 2002; Bonan, 2008). Consequently, 

there is a need to study the CO2 cycling in forest ecosystems across the world in 

order to better understand how they will respond under future changes in climate.  

 

1.4 Novel Aspects of Study 

In Eastern North America, temperate deciduous forests are the dominant forest 

cover type, and at their peak coverage they occupied upwards of 2.5 million km
2
 

(Botkin et al., 1993; Barbour & Billings, 2000). Home to a diverse range of tree 

species, these forests are characterized by four distinct seasons (winter, spring, 
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summer, and fall), and a growing season ranging between 150-200 days (Mooney 

et al., 1996). The Carolinian forests of Canada represent the northernmost edge of 

the temperate deciduous forests ranging from the Carolinas in the United States 

northward to southern Ontario (Lauriault, 1989; Blouin, 2001; Johnston, 2009). 

Carolinian forests are largely secondary growth forests dominated by a number of 

hardwood species at the northernmost extent of their natural ranges (Richart & 

Hewitt, 2008). The climate of southern Ontario is unique to Canada, experiencing 

some of the longest growing seasons and warmest temperatures, home to many 

tree and plant species found nowhere else in the country. Within the deciduous 

forests of this region, leaf area (Neumann et al., 1989), canopy water (Price et al., 

2003), tree growth (Goldblum and Rigg, 2005), and stemflow (Carlyle-Moses and 

Price, 2006) studies have been completed among many others, though to date, no 

studies have examined stand-level forest-atmosphere carbon exchange, providing 

researchers with a climatologically and geographically unique study area, with the 

exception of a mixedwood forest (Borden) further north in the boreal-temperate 

transition zone (Froelich et al., 2015). 

 

1.5 Study Sites 

Measurements supporting this dissertation were conducted at the Turkey Point 

Observatory, centrally located near the town of St. Williams, in close proximity to 

the northern shore of Lake Erie, in southern Ontario, Canada. The Turkey Point 

Observatory was established in 2002 by the Hydrometeorology and Climatology 
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Lab at McMaster University (Arain & Restrepo-Coupe, 2005). The study sites 

consist of an age-sequence of afforested, eastern white pine (Pinus Strobus L.) 

forest stands (17-, 45-, 80-years-old in 2019) which grow within 20 km of each 

other, under similar edaphic and climatic conditions. A fourth site was added to 

the Turkey Point Observatory in 2012, a 70-110 year-old naturally regrown but 

managed eastern (Carolinian) deciduous forest, located 3 km south of the 17-year 

old pine forest. Throughout this text, the study sites may be referred to by their 

shortened names, TP02, TP74, TP39, and TPD, respectively. The acronyms 

correspond to ‘Turkey Point’, followed by the year of the stand’s establishment 

(i.e. 2002, 1974, 1939), with TPD (Turkey Point Deciduous) as an exception. The 

Turkey Point Observation is part of the Global Water Futures (GWF) program 

and Fluxnet – a global network of sites studying the exchanges of carbon, water, 

and energy across various ecosystems. In the global Fluxnet data archives and 

literature, the Turkey Point Observatory sites are referred to as CA-TP1, CA-TP3, 

CA-TP4, and CA-TPD for the 17-, 45-, 80-year old pine forests, and 70-110 year-

old deciduous forest, respectively. Detailed descriptions of site characteristics, 

instrumentation, and measurements are included in the individual chapters.  

 

1.6 Overview of Methodology 

The fundamental measurements found within this dissertation were completed 

through the implementation of the eddy-covariance (EC) technique, an in-situ 

approach used to examine ecosystem-atmosphere gas exchange. Past efforts have 
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addressed the net ecosystem exchange of carbon through the quantification of 

temporal changes in soil carbon and biomass (Clark et al., 2001). While such 

measurements continue today, in recent decades, the EC technique has proven to 

be an alternative and important method used to quantify carbon exchange on the 

ecosystem scale (Running et al., 1999; Baldocchi, 2003). The principle concept 

driving the EC technique is derived from boundary layer turbulence, as turbulent 

motions of air (eddies) effectively transport trace gases within the lowest levels of 

the atmosphere (Swinbank, 1951; Schlichting & Gersten, 2016). EC systems used 

at the Turkey Point forest sites consisted of an infra-red gas analyzer (IRGA) 

combined with a three-dimensional sonic anemometer, mounted above the 

ecosystem of interest. High frequency (typically 10-20 Hz) measurements of the 

turbulent exchange of CO2 and H2O were combined with the changes in CO2 

storage below sensor height in order to provide an ecosystem-scale estimate of net 

ecosystem productivity (NEP). From NEP, gross ecosystem productivity (GEP) 

and ecosystem respiration (RE) were derived on half-hourly to annual time scales 

through flux partitioning procedures (Reichstein et al., 2005). To reduce 

uncertainties, EC systems are best suited over flat terrain, when environment 

conditions are steady, and when vegetation extends upwind (Baldocchi, 2003). 

The Turkey Point Observatory forests are spatially extensive and reside on flat or 

slightly undulating terrain. Within each forest, scaffold towers extend above the 

forest canopy containing EC instrumentation, effectively recording the continuous 

exchange of gases between the forest and atmosphere. In addition to EC 
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measurements, continuous half-hourly measurements of soil and meteorological 

variables were also conducted at each site, including: air temperature, relative 

humidity, wind speed and direction, photosynthetically active radiation, net 

radiation, and precipitation, above the forest canopy, as well as soil moisture, soil 

temperature, and soil heat flux across different soil depths.  

 

1.7 Study Objectives 

This study investigated the influence of changes in phenology and environmental 

variability on seasonal and annual fluxes of CO2 in a temperate deciduous and 

coniferous forest in southern Ontario, Canada. The primary study objectives were:  

(1) To determine the climatic, environmental, and latitudinal controls on 

carbon  fluxes in the northernmost extent of deciduous forests 

 (2) To examine the influence of climate on phenology and photosynthesis, 

 and assess the role of phenology on future carbon sequestration  

 (3) To investigate the responses of two climatically similar forest of 

 differing dominant tree species to climate and extreme weather events 

(4) To compare remote-sensing and satellite derived vegetation indices to 

photosynthesis across the all Turkey Point Observatory sites 

 

Results presented in this dissertation should be of interest to the eddy covariance 

research community and those involved in the study of forests in future climates.  
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CHAPTER 2: 

HOW WILL THE CARBON FLUXES WITHIN THE NORTHERNMOST 

TEMPERATE DECIDUOUS FORESTS OF NORTH AMERICA FAIR 

UNDER FUTURE CLIMATES? 

 

2.1 Abstract 

In the northern deciduous forests of Eastern North America, many tree species 

grow at the northernmost extent of their typical geographical ranges, where slight 

changes in environmental conditions could aid or impede their survival and 

advance further north. There is still uncertainty in how potential changes in 

environmental conditions, due to climate change, will impact the growth of these 

forests. One way to assess the growth of forests is to measure their ability to 

uptake carbon (C) from the atmosphere – a key building element of wood. The 

main goal of this study was to analyze the impact of seasonal and annual climate 

variations on the C sink capacity of a deciduous forest within the Great Lakes 

Region in Canada. We found that mid-summer (late July to early August) was the 

key period in determining the annual carbon sink-strength of the site, with 

meteorology and soil water status driving interannual variability in C uptake. 

Furthermore, the timing and duration of environmental impacts were important 

and greatly shaped the overall C dynamics of this forest over the study period 

(2012 – 2016). During summer, high evaporative demand, when air temperature 

(Ta) was > 20°C and vapour pressure deficit (VPD) > 1 kPa, caused seasonal soil 
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water deficits, which negatively impacted the forest C-sink capacity. The forest 

was most productive when soil temperature (Ts) ranged from 15 to 20°C and 

VPD was between 0.7 and 1.2 kPa. With increasing VPD past this point, the net 

C-uptake of the forest dropped considerably. While other studies have found that 

a positive spring Ta anomaly increases annual C-uptake, our study suggests that it 

is the mid-summer environmental conditions which determine the annual C-

uptake in this forest. During the five years of this study, in all years, even during 

water-stressed conditions, the forest remained a net annual carbon sink, with 

mean net ecosystem productivity (NEP) of 206 ± 92 g C m-2 yr-1 that was well 

within the range observed in similar forest (69 – 459 g C m-2 yr-1) over the same 

period. Our study suggests that with increasing Ta and precipitation (P) variability 

under future climate conditions, frequent soil water deficits and heat-stressed 

periods may be observed in the Great Lakes Region that may impact the growth 

and carbon sequestration capabilities of local forests. 

 

2.2 Introduction 

Temperate forests occupy nearly 25% of the global forested land cover (~10.4 

million km
2
), primarily in Eastern North America, Europe, and Eastern Asia 

(Tyrrell et al., 2012; Settele et al., 2014). They store roughly 99 to 159 Pg of 

carbon (~11% of the global carbon stock) and account for up to 37% of the global 

forest carbon sink (Pan et al., 2011). Most of the temperate forests are deciduous 

stands, covering 7.8 million km
2
 of the 10.4 million km

2 
globally (i.e. 75%) 
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(Allaby, 2006; Vasseur, 2012). In Eastern North America, temperate deciduous 

forests are the dominant forest cover type and at their past peak-coverage they 

occupied upwards of 2.5 million km
2
 (Botkin et al., 1993; Delcourt, 2000). These 

forests have been severely impacted by human activities over the last 100 years 

(Johnston, 2009; Gao et al., 2012). Widespread agricultural deforestation occurred 

during the early 1900’s in the northeast, causing a drastic reduction in forest cover 

from 90% to 11% (Richart & Hewitt, 2008). Later in the mid-1900’s, 

abandonment of agricultural land and forest regrowth initiatives led by the local 

government resulted in an increase of forested area (Richart and Hewitt, 2008; 

Hansen et al., 2013). Now secondary growth forests occupy 40% to 50% of their 

original cover in some regions (Tyrrell et al., 2012). Long-term regrowth and 

resiliency of these secondary growth forests has helped them to become an 

important carbon sink in North America (Birdsey et al., 2006).  

The strength of this carbon sink remains uncertain under future climate 

projections. Carbon sequestration reflects the daily difference between gross 

ecosystem productivity (GEP) and ecosystem respiration (RE) (Goulden et al., 

1996a). Seasonally, carbon budgets of temperate deciduous forests are unique due 

to their distinct patterns of carbon gain and carbon loss (Greco and Baldocchi, 

1996). The production of leaves and foliage is necessary for photosynthesis in 

these forests, leading to fluxes within the first 4-5 months of each year being 

dominated by RE (Richardson et al., 2010). While photosynthesis begins much 

later in deciduous forests compared to evergreen forests, due to leaf-emergence 
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timing, deciduous trees exhibit higher rates of photosynthesis following leaf-out, 

sometimes twice as high as coniferous-evergreen stands (Gaumont-Guay et al., 

2009). Changes in climate could alter the timing, frequency, and magnitude of 

extreme weather events, which could convert these forests from being a large 

carbon sink to a net carbon source over time (Vose et al., 2012).  

Studies suggest that forest ecosystems within Eastern North America have 

already begun experiencing increases in the intensity and frequency of extreme 

heat and precipitation events in response to a changing climate (Iverson et al., 

2008; Zhu et al., 2012). This is leading to warmer winters, greater winter 

precipitation (P), and higher annual rainfall, affecting both local and regional 

hydrologic cycles (USGCRP, 2017). Over the past 114 years (1901 – 2015), the 

air temperature (Ta) throughout the Great Lakes Basin has increased by 0.89°C 

(1.6°F), and over the next 30 years it is predicted to experience an increase of 1.5-

2°C (3-3.3°F). Increasing Ta will not change uniformly, leading to winter Ta 

rising more than summer Ta, and average minimum Ta warming more than 

average maximum Ta (IPCC, 2013; USGCRP, 2017). The annual total P of the 

Great Lakes Basin has increased by 10% during the same time and is predicted to 

continue to increase by 4.5% over the next 30 years. However, while total annual 

P may increase overall, the distribution of this P during the year may vary. 

Regional water deficits are expected, as summer P is predicted to decrease by 5-

15% by the end of the century (O’Gorman and Schneider, 2009; Byun and 

Hamlet, 2018). In future climates, this area is predicted to see a decrease in the 
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number of days below freezing, leading to an increase in the frost-free season and 

growing season length, which in turn may perturb the balance between 

photosynthesis and respiration, i.e. net ecosystem productivity (NEP) (Barr et al., 

2002; Byun et al., 2018). Additionally, while higher Ta may promote longer 

growing seasons and enhanced carbon uptake in spring, late-season warming in 

the autumn could prolong respiratory losses, offsetting gains from extended 

photosynthetic uptake (Schimel, 1995; Piao et al., 2008; Richardson et al., 2010; 

Froelich et al., 2015). Any potential changes in environmental conditions can lead 

to changes in leaf-phenology (leaf emergence and senescence) or stand-

composition, which could greatly impact the forest’s carbon uptake and carbon 

budget in the long run (Aerts, 1995; Malhi et al., 1999; Curtis et al., 2002; Wilson 

and Baldocchi, 2000; Way and Oren, 2010; Fisichelli et al., 2013; Froelich et al., 

2015), which highlights the importance of understanding the growth dynamics of 

such forests and their and environmental stresses. 

The northernmost ecoregion of temperate forests in North America, 

known as Carolinian forests in Canada, range from southeastern Canada in the 

north to the Carolinas in the United States to the south (Lauriault, 1989; Blouin, 

2001; Johnston, 2009). Forests in the area cover 18 to 25% of the land surface 

within the agricultural landscape. This region also has the highest percentage of 

temperate forest cover area in Canada (Arain and Restrepo-Coupe, 2005). In the 

Carolinian forests of Canada, many of the deciduous trees species are growing at 

the northern extent of their natural geographic range, these include: oak 
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(Quercus), beech (Fagus), and maple (Acer) (Solomon and Bartlein, 1992; 

Richart and Hewitt, 2008). The sandy, well-drained soils, around the northern 

edges of Lake Erie in southern Canada, often aid in the growth of red maple (Acer 

rubrum), white oak (Quercus alba), and red oak (Quercus rubra) tree species over 

other more common species (e.g. beech), typically seen throughout other eastern 

deciduous forests (Varga, 1985; Richart and Hewitt, 2008). Currently, the 

suppression of human-induced or natural disturbance events in these forests, 

through management or protection practices, has allowed red maple, a shade-

tolerant species, to flourish while reducing less tolerant oak species (Abrams and 

Nowacki, 1992; Abrams, 1998). In the future, climate change may support more 

drought tolerant species, forcing a temporal transition in southern Canada 

deciduous forests. 

The main goal of this study was to understand the impact of environmental 

drivers on the carbon sink or source capacity of a deciduous (Carolinian) forest 

within the Great Lakes Basin in Canada. No studies have previously examined the 

carbon sink capacity in this northernmost extent of Carolinian forests, or the 

sensitivity of C-uptake to climatic variables. The specific objectives were: (i) to 

examine the impacts of seasonal and interannual climate variability, including the 

occurrence of extreme weather events, on the forest’s net ecosystem productivity 

using observations made over five years (2012 to 2016); and (ii) to compare the 

growth and productivity of this forest to other similar (i.e. geography, age, etc.) 

deciduous forests in eastern North America.  
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2.3 Methods 

2.3.1 Site Description 

The study site (42°38' 7"N, 80° 33' 28"W; elevation 265 m) is located north of 

Lake Erie near Long Point Provincial Park, roughly 5 km southwest of 

Walsingham in Norfolk County, Ontario, Canada (Table 2.1). The study site is 

part of the Turkey Point Observatory and Global Water Futures Program. The 

forest is known as Canadian Turkey Point Deciduous Forest (CA-TPD) in the 

global FLUXNET network. The Turkey Point Observatory is comprised of an 

age-sequence of three planted and managed white pine conifer forests (Peichl et 

al., 2010a), and this 70-110 year-old, naturally-regenerated, deciduous forest. The 

forest is growing on abandoned agricultural land, with nearby forest tracts subject 

to periodic timber extraction. The site is owned by the Ontario Ministry of Natural 

Resources and Forestry (OMNRF) and managed by the Long Point Region 

Conservation Authority (LPRCA) (Parsaud, 2013). Some key site characteristics 

are listed in Table 2.1 and described further below.  

The site is predominantly comprised of hardwood species with a few 

scattered conifer species. White oak (Quercus alba) is the dominant tree species, 

while other tree species include: sugar (Acer saccharum) and red (Acer rubrum) 

maple, American beech (Fagus grandifolia), black (Quercus velutina) and red 

(Quercus rubra) oak, and white ash (Fraxinus americana), with white pine (Pinus 

strobes) comprising roughly 5% of the forests tree population. A sample of tree 

cores taken on site date the oak species back to 1942, while some pine species 
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appear to have begun growing around 1903 (Dr. Shawn McKenzie, personal 

communication). The extensive understory is made up of young deciduous trees 

as well as other plants including: Canada mayflower (Maianthemum canadense), 

putty root (Aplectrum hymale), yellow mandarin (Disporum lanuginosum), red 

trillium (Trillium erectum), horsetail (Equistum) and other species. The forest is 

rich in biodiversity with a total of 573 tree and plant species (Elliot et al., 1999).  

Biometric data was obtained in 2012 following National Forestry 

Inventory (NFI) protocol (Kula, 2013; Parsaud, 2013). The data showed that the 

mean tree height was 25.7 m, while the mean tree diameter at breast height (DBH 

= 1.3 m) was 23.1 cm. The mean stand basal area was 21.2 m
2 

ha
-1

, the mean stand 

density was 504 ± 181 trees ha
-1

, and the stand volume was 381.4 m
3
 ha

-1 
(Table 

2.1). In 2012, the total carbon stored in aboveground biomass was 83.10 t C ha
-1

 

(Kula, 2013).  The maximum leaf area index (LAI), measured by a plant canopy 

analyzer (LAI-2000, LI-COR Inc.) and TRAC (Tracing Radiation and 

Architecture of Canopy, c.f. Chen, 1996), was 8.0 m
2
 m

-2 
in 2012.  

The site is located within the Southern Norfolk Sand Plains, an area 

defined by coarse-grained, sandy deposits from glacial melt water (Richart and 

Hewitt, 2008). The soil is predominantly sandy (Brunisolic gray brown luvisol, 

according to the Canadian Soil Classification Scheme) and is well drained, with a 

low-to-moderate water holding capacity. A regional soil analysis described 

similar soils in the area as having a 20 cm thick Ap horizon, followed by a 30 cm 

Bm1 horizon, and then a Bm2 horizon, reaching up to 80 cm (Presant and Acton, 
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1984). Site measurements in 2012 found a 5-10 cm thick litterfall and organic-

rich loamy-sand layer (18% organic matter), while lower soil layers were 

comprised of over 90% sand and contained less than 2% organic matter. 

Additionally, the average bulk density of the sand was estimated to be 1.15 g cm
-

3
, with an average soil pH of 5 (Parsaud, 2013).  

The climate of the region is humid temperate with warm, humid summers 

and cool winters (Meteorological Service of Canada). The moderating effect of 

nearby Lake Erie helps to regulate cold winter temperatures. Environment Canada 

climate records from the Delhi CDA weather station (25 km north of the site) 

found that on average (1981 – 2010), the area experiences 145 days of frost-free 

weather, a mean annual temperature of 8.0°C and 997 mm of total mean annual 

precipitation. Total precipitation is evenly distributed throughout the year, with 

13% of that falling as snow (Environment and Climate Change Canada). 

 

2.3.2 Eddy Covariance (EC) Flux Measurements 

Half-hourly fluxes of momentum, latent heat (LE), sensible heat (H), and CO2 

(Fc) have been measured continuously using a closed-path eddy covariance 

system (CPEC), since January 2012. This study examines the first 5 years (2012 – 

2016) of data recorded, while measurements are still ongoing today. The CPEC 

setup consists of an enclosed infrared gas analyzer (IRGA) (LI-7200, LI-COR 

Inc.) and a 3D sonic anemometer (CSAT3, Campbell Scientific Inc.). The IRGA 

and CSAT3 are mounted at 38 m height atop a walk-up scaffold tower. The 
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CSAT3 is installed and oriented west (270°), while a 1 m long intake tube 

immediately behind the CSAT3 delivers sampled air to the IRGA. A flow module 

(7200-101, LI-COR Inc.) helps to regulate and control the air flow rate through 

the IRGA. Air is drawn at a flow rate of 15 L/min, while maintaining turbulent 

flow. The IRGA is calibrated once a month using high purity nitrogen gas for the 

zero offset, and Environment Canada Greenhouse gas laboratory specified CO2 

gas concentrations for the CO2 span check. Mid-canopy CO2 concentrations are 

also measured at 16 m height, using an IRGA (LI-820, LI-COR Inc.) and used for 

calculating the two-level CO2 storage flux, as described below. Fluxes measured 

by the EC system are sampled at 20 Hz frequency and averaged to half-hourly 

data using custom software created by the Biometeorology & Soil Physics Group 

at the University of British Columbia (British Columbia, Canada), installed on a 

desktop computer housed in a trailer at the site.  

The CO2 storage (SCO2) within the column of air below the EC sensors is 

calculated by vertically integrating the difference between the current and 

previous half-hourly measured CO2 concentrations. This calculation is performed 

using CO2 concentration measurements made above the canopy at 38 m height 

and mid-canopy at 16 m height. At times when mid-canopy measurements are not 

available, the change in storage is calculated from the above-canopy 

measurements. CO2 storage has been shown to generally increase at night, while 

decreasing in the morning (Goulden et al., 1996a).  
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Net ecosystem exchange (NEE, µmol m
-2

 s
-1

) was calculated as the sum of 

the vertical CO2 flux (Fc), and the change of CO2 storage (NEE = Fc + SCO2). Both 

vertical and horizontal advections were assumed to average to zero over long 

periods and were not considered. Net ecosystem productivity (NEP) was 

calculated as the opposite of NEE (NEP = -NEE), where positive NEP indicates 

net carbon uptake by the forest (sink), and negative NEP is carbon loss from the 

forest to the atmosphere (source).  

 

2.3.3 Meteorological Measurements 

Meteorological measurements have also been made simultaneously with EC 

measurements since January 2012. Relative humidity (RH) and Ta are measured 

(HMP155A, Campbell Scientific Inc.) at 38 m height. A compact aspirated shield 

(43502-L, R.M. Young Company) is used to mount the sensor, providing 

continuous ambient air over the sensor head, while also protecting it from solar 

radiation interference. Both wind speed and direction were recorded in the first 

three years of measurements using a Model 85000 anemometer (R.M. Young 

Company) that was replaced (Model 05103, R.M. Young Company) in 2015. 

Upward and downward photosynthetically active radiation (PAR, PQS1, Kipp & 

Zonen B.V.) and all four components of radiation (CNR4, Kipp & Zonen B.V.) 

are also measured at 36 m height.  

Atmospheric pressure (61302V, R.M. Young Company), and snow depth 

(model SR50A, Campbell Scientific Inc.) are measured at the ground. 
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Precipitation (P) is measured in a small forest opening, 350 m southwest of the 

tower, using an all-season, heated tipping-bucket rain gauge (model CS700H, 

Campbell Scientific Inc.). The rain gauge is located at 1.5 m height and is 

protected by an Alter Wind Screen (260-953, Campbell Scientific Inc.). 

Precipitation data are cross-checked and gap-filled from an accumulation rain 

gauge data (T-200B, GEONOR Inc.), installed 15 km to the east, near the 80-year 

and 45-year old conifer sites of the Turkey Point Observatory. Soil temperature 

(Ts) and soil water content (θ) are measured using temperature (model 107, 

Campbell Scientific Inc.) and moisture probes (model CS650, Campbell Scientific 

Inc.) at 2, 5, 10, 20, 50, and 100 cm depth in two locations. Soil heat flux (G) 

measurements are made using four soil heat flux plates (model HFT3, Campbell 

Scientific Inc.) buried 3 cm below the surface at two locations. All 

meteorological, soil, and precipitation data are sampled and recorded using two 

data loggers (met/soil – CR3000; precipitation – CR10X, Campbell Scientific 

Inc.). Automated data downloads occur half-hourly within the desktop computer.  

 

2.3.4 Leaf-Phenology Measurements 

Phenological imagery is acquired at half-hourly temporal resolution using a 

PhenoCam (Richardson et al., 2007a; Richardson et al., 2009) located facing 

north on top of the flux tower at 36 m height. The start and end dates of the 

growing season were estimated using phenological transition dates (phenophases) 

calculated by the greenness chromatic coordinate (GCC) derived by the 
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PhenoCam. From the GCC minima and maxima, dates identifying the 10%, 25%, 

and 50% amplitude of greenness rising and greenness falling stages were then 

identified (Richardson et al., 2018). A range of transition dates (10% - 50%) were 

used in this analysis to identify the start and end of the growing season. All GCC 

data retrieval and post-processing analysis of the PhenoCam transition dates was 

done using the PHENOCAMR R package (Hufkens et al., 2018). These dates 

were only used for the purpose of identifying key seasonal transition periods 

within this study. In this study seasons were defined as spring (March, April, 

May), summer (June, July, August), fall (September, October, November) and 

winter (December, January, February). 

 

2.3.5 Data Processing, Gap-Filling, and Statistical Analysis 

The flux and meteorological data were filtered, cleaned (threshold and point 

cleaned), and gap-filled using the Biometeorological Analysis, Collection, and 

Organizational Node (BACON) software following protocols designed by the 

AmeriFlux Network (Brodeur, 2014). Outliers in the data were identified and 

removed. Small gaps (hours) within meteorological data were linearly 

interpolated, while larger gaps (hours to days) were filled using linear regression-

model fitted values from other Turkey Point Observatory sites. Overall, the mean 

flux recovery was 89% (from 83 to 94%) over the 5-years of data collection. 

During periods of low turbulence, typically at night within a stable 

nocturnal boundary layer, EC measurements may underestimate fluxes. To 
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resolve this underestimation, threshold passing methods were incorporated in the 

data processing. First, a footprint model, following Kljun et al. (2004), was 

applied to exclude fluxes when greater than 10% of the flux footprint extended 

outside of the forest boundary. To further remove unrepresentative measurements, 

a friction-velocity, u-star threshold (u
*Th

), was applied to all nocturnal NEE 

measurements (Barr et al., 2013; Papale et al., 2006). Half-hourly NEE values 

were removed from the dataset when the measured u* was below thresholds 

estimated using the Moving Point Test u
*Th

 determination method (Reichstein et 

al., 2005). This method estimated u
*Th

 from the relationship between nighttime 

NEE and u
*
 (Papale et al., 2006). An average, site specific, u

*Th 
of 0.40 m s

-1 
was 

determined, where nighttime NEE values below this threshold were removed. 

These data were filled using exponential relationships between sufficiently 

turbulent (u* > 0.4 m s
-1

) nighttime NEE and Ts at 2 cm depth. Following the 

aforementioned threshold passing methods, the mean capture for non-gap filled 

NEE was 49% (from 46% to 53%) annually.  

Ecosystem respiration (RE) was modeled as a function of Ts5cm and θ0-30cm 

(Brodeur, 2014) using fitted temperature response parameters (R10 & Q10) to 

describe the relationship between RE and Ts5cm, modified by a soil moisture 

function, as shown: 

RE = R10 × Q10

( Ts 5 cm− 10)

10 ×
1

[1 + exp(a1−a2 θ0−30 cm)]
          (1)        
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Here a1 and a2 are fitted parameters as a function of the independent variable, θ0-

30cm, acting to scale the Ts5cm – RE relationship. The gross ecosystem productivity 

(GEP) was estimated by adding measured NEP and daytime modeled RE. During 

periods where there were gaps in NEP data, GEP was modelled using a 

rectangular hyperbolic function: 

 

GEP = 
αPARd Amax

αPARd + Amax
× ʄ(Ts) × ʄ(VPD) × ʄ(θ0-30cm)        (2) 

 

The first term defines a relationship between PAR and GEP. The remaining terms 

are scaling responses of GEP to Ts, vapor pressure deficit (VPD), and θ 0-30cm, 

respectively (Brodeur, 2014). Where meteorological data was missing to compute 

RE and GEP, gaps were filled using a non-linear regression approach and a 

marginal distribution sampling approach (Reichstein et al., 2005; Brodeur, 2014). 

Gaps in NEP, due to instrumentation errors, maintenance, calibrations, and power 

outages, were filled as the difference between the modeled GEP and modeled RE.  

Additionally, in order to determine the most significant environmental 

controls on half-hourly and daily NEE within the deciduous forest, a multivariate 

regression model was fit to the data using incident PAR, VPD, Ts5cm and θ 0-30cm 

as explanatory variables. These variables were chosen due to their usage in the 

aforementioned gap-filling methods. The analysis was restricted to daytime (PAR 

> 1000 μmol m
-2

 s
-1

) growing season data. Variables included in the model were 

significant at α < 0.05, while the model fit was determined using the residual 
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analysis of the coefficient of variation (R
2
). In order to accurately determine the 

relative contribution or explanatory power of the environmental variables derived 

from the model, a residual analysis was completed (Lindeman et al., 1980; Skubel 

et al., 2015). Each variables contribution to the model R
2
 was determined by the 

differences in fit between the total model (i.e. all variables) and the model without 

individual variables, resulting in a percentage of total model R
2
.  All data 

processing and analyses were completed using MatLab (The MathWorks Inc.). 

 

2.3.6 Regional Analysis 

We identified available studies in the peer-reviewed scientific literature of the 

past 20 years, which reported annual NEE or NEP values measured by EC 

systems. The ISI Web of Science was searched for the following specific terms: 

“eddy covariance”, “net ecosystem productivity”, “eastern deciduous”, “temperate 

forest”, “North America”. These searches yielded numerous results, highlighting 

the work that has been done on carbon fluxes within eastern deciduous forests. To 

be included in our analysis, studies had: (1) to report annual NEE values from EC 

measurements for the majority (3+ yrs) of  2012 to 2016 study; and (2) although 

temperate deciduous forests reside around the globe, this study only considered 

forests within North America. In an attempt to expand the study, we also 

considered research sites within the initial search containing past peer-reviewed 

annual NEE measurements, even if such studies did not publish data within the 

period of study. In three such cases, the authors were contacted for unpublished 
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data, or requested to confirm the accuracy of data downloaded from AmeriFlux 

[http://ameriflux.lbl.gov]. The reporting of standard deviations was not essential 

as flux errors are often not reported in the literature. Forest age, annual mean Ta 

and annual total P were taken from the cited study or AmeriFlux database, when 

not readily available. Ultimately, if no recent data could be found on the ISI Web 

of Science or validated from external sources, sites were not included in this 

study. Consequently, a total of 5 study sites (including our forest) encompassing 

23 years of data from 2012 to 2016 were analyzed in this study. 

 

2.4 Results 

2.4.1 Environmental Variability 

The mean annual Ta between January 1, 2012 and December 31, 2016 was 9.76 ± 

1.5°C, at our study site, while the mean total annual precipitation (P) for the same 

measurement period was 881 ± 102 mm. In comparison, the 30-year mean Ta and 

P from 1981 to 2010, measured at the nearby Environment Canada Weather 

Station in Delhi, Ontario, were 8.0 ± 1.6°C and 997 ± 145 mm, respectively. The 

5-year mean annual Ta at our site exceeded the 30-year mean Ta by 1.7°C, with 

most years indicating warmer conditions than the 30-year mean. The highest 

mean annual Ta was in 2012 (11.8°C) and the lowest in 2014 (8.0°C). The highest 

annual P sum was observed in 2014 (991 mm), while the lowest annual P was 

observed in 2015 (750 mm). None of the five years experienced annual P greater 
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than the 30-year mean; however, three years (2013, 2014, and 2016) saw annual 

precipitation within the 30-year normal range of 852 to 1142 mm.  

Figure 2.1 illustrates the monthly mean Ta and cumulative P sum 

measured at the site. The corresponding 30-year means (Delhi) are also shown. 

The Ta followed a similar annual trend over all 5 years, reaching a minimum in 

January and February, and a maximum in late summer, primarily in July and 

August. From April to October the mean monthly temperature remained above 

10°C in all years. The coldest month was February 2015 (-11.4°C), however 2015 

ended the year with the highest mean December Ta (5.3°C). In 2012, the mean 

monthly Ta was the warmest of all 5 years for the period from January through 

July, leading to a summer drought. Furthermore, late growing season warming 

was experienced in 2016, with unusually warm mean monthly Ta in August 

(23.6°C) and September (20°C), which was 3.6°C and 4.5°C above the 30-year 

mean, respectively (Figure 2.1a). Late growing season warming was evident in all 

years with the 5-year mean fall Ta being 2°C (Figure 2.2a; Table 2.2) warmer 

than the 30-year mean. Fall was the only season where mean seasonal Ta was 

higher in all years compared to the 30-year mean.  

During 2012, total annual P (801 mm) was 50 mm below the 30-year P-

range (852 – 1142 mm), with the lowest spring P, and an evident absence of P 

from May through July. In 2016, mean annual P was 908 mm, with sufficient P 

seasonally, except during the summer (Figure 2.2a; Table 2.2). Following a wet 

March and April, 2016 experienced the lowest summer P (144 mm) of the 5-
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years, though similar to the dry summer of 2012 (159 mm). On average (1981 to 

2010), 64 days per year receive P greater than 5 mm (0.2 in). During the 30-year 

mean, extreme P events in excess of 25 mm day
-1 

were measured 7 days per year, 

while July and September saw the largest mean days per month (1 day).  Extreme 

daily P events (> 25 mm day
-1

) were measured in 2013 (8 days) and 2014 (9 

days), while 2016 saw fewer extreme P days (4 days), but the most consistent and 

frequent P (Figure  2.1b) out of the five years (53 days greater than 5 mm). 

Daily downward PAR followed similar patterns year-to-year, however, 

slight deviations between the years were typically experienced during the summer 

months (Figure 2.3a). Mean June PAR yielded a maximum in 2016 (522 μmol m
-2 

month
-1

), but a clear decrease in June PAR was present in 2013 (417 μmol m
-2 

month
-1

) and 2015 (416 μmol m
-2 

month
-1

). Large declines in PAR are often 

associated with increased cloudiness or P events, seen in 2013 and 2015 (Figure 

2.3d). With decreased PAR, Ta and therefore VPD may also decrease. This was 

evident in 2013 and 2015, which experienced the lowest mean summer VPDs of 

0.75 kPa and 0.77 kPa, respectively (Figure 2.3b; Table 2.2). The highest daily 

PAR typically occurred at the same time as the highest VPD, leading to the 

warmest years of 2012 and 2016 having the highest summer and annual VPD. The 

difference between these years was that in 2012 the daily summer mean VPD 

(1.33 kPa) peaked in July, while in 2016, the summer VPD (1.01 kPa) peak was 

reached in June, due largely in part to the difference in the timing of peak summer 

Ta (Figure 2.1a).  
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Soil temperature (Ts) followed Ta closely (R
2
 = 0.88) at our site (c.f. 

Figure 2.1a and Figure 2.3c). While maximum Ts5cm occurred during the summer 

months, the timing of the maximum Ts varied year to year, often occuring during 

prolonged periods of decreased P or volumetric soil water content (θ). The mean 

daily θ (Figure 2.3d) ranged from a minimum of 0.023 m
3
 m

-3 
in August of 2016, 

to a maximum of 0.196 m
3
 m

-3 
in December of 2013. The 5-year mean θ0-30cm was 

0.104 m
3
 m

-3
. Deep declines in θ were observed during summer months 

characterized by high Ta and little to no P (i.e. 2012, 2014, and 2016). In 2012, a 

significant decrease in θ0-30cm occurred over a 63 day period (June – July), before 

substantial rain (> 25 mm) was received. Similarly in 2016, a near three month 

(May – July) decrease in θ0-30cm reached a 5-year low. In all years, θ was the 

highest in the spring (after snowmelt, before declining with the onset of 

photosynthetic activity at the start of the growing season. The depletion of θ 

typically lasted the majority of the summer, before being replenished near the end 

of the growing season following decreased atmospheric and physiological water 

demand and increased P. During winter, mean θ0-30cm values typically ranged 

between 0.1 and 0.15 m
3 
m

-3
.  

 

2.4.2 Deciduous Forest Carbon Fluxes  

On average, the source-sink transition date, defined here as the growing-season, 

began near the beginning of May (day 127) at our site, and continued into mid-

October (day 292). This was due in part to the deciduous nature of the forest, as 
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well as the latitude. Many long days (~13 hours of sunlight and carbon uptake) of 

positive half-hourly NEP comprised a large portion of the growing-season. As the 

summer progressed, daily NEP values decreased with the shortening of  the length 

of the days (decreased photoperiod) before the growing season came to an end. 

During the night and leafless periods following the conclusion of the growing 

season, our site was a source of carbon. The start and end of the growing-season 

varied from year to year by up to 12 days.  

Half-hourly flux data indicating the diurnal and annual variations in NEP 

are shown in Figure 2.4. Cool, blue colors symbolize a carbon-source (i.e negative 

NEP, carbon released by the forest), and warmer yellow, orange, and red colors 

represent carbon uptake by the forest (i.e. positive NEP).  In 2012 (Figure 2.4a), 

non-growing season NEP remained near zero, acting as a slight source of carbon. 

Following the onset of leaf-out (day 121), mid-day NEP values exceeded 0.5 g C 

m
-2

 hhr
-1

, with a few measurements near 1 g C m
-2

 hhr
-1

. The low cumulative NEP 

recorded in both 2013 and 2015 (Figure 2.4b & 2.4d) was defined by high 

growing-season RE. In 2014, (Figure 2.4c), the same diurnal pattern of negative 

NEP at night (RE) and positive NEP during the day (GEP outweighing RE) was 

observed. Interestingly, in 2014 the growing season began much later than in 

other years (day 133, almost two weeks later). Despite the late start to the growing 

season, the year had the largest carbon uptake (highest NEP) of all years. In June 

and July (days 160 – 200) of 2016 (Figure 2.4e), the site was a carbon sink, the 

strength of which slowly decreased throughout the remainder of the year. Higher 
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nighttime RE resulted in lower daily NEP, but the extended length of the growing 

season (approaching day 300) allowed moderate NEP (0.5 g C m
-2

 hhr
-1

) to be 

measured well into October 2016.  

Daily (Figure 2.5) and cumulative (Figure 2.6) carbon fluxes (NEP, GEP, 

and RE) were also examined. At the beginning of each year (Figure 2.5), the 

forest was a slight carbon source (negative NEP), due to the absence of leaves on 

trees (no GEP), as well low daily Ta leading to relatively low repiration (RE) 

efflux. Following leaf-out, through much of the early growing-season, increasing 

PAR combined with cooler daily Ta helped photosynthetic fluxes to outweigh 

respiratory fluxes. Peak daily NEP (max carbon sink) was reached at this time, in 

May and June of each year (Figure 2.5a). Low PAR in June of 2013 and 2015 

(Figure 2.3a) resulted in more frequent decreases in daily GEP sums (~5 g C m
-2

 

day
-1

) in comparison to other years (Figure 2.5b). Competing processes (high 

PAR and high VPD) took place at this time to limit the overall GEP measured. 

The year with the highest VPD (2012) resulted in the lowest summer GEP values. 

Overall, daily GEP sums reached a maximum (15 g C m
-2

 day
-1

) in the middle of 

summer (July), when PAR was at a maximum. The maximum daily RE (Figure 

2.5c) was measured during the middle of summer (July) in all years, at the point 

when Ta and Ts were highest (c.f. Figure 2.1a and Figure 2.3c). During the 

second half of each summer, NEP steadily declined until leaf senescense occurred 

and the growing season ended, a period when NEP returned to negative daily 

values and the site became a source of carbon once more.  
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The highest annual NEP occurred in 2014 (305 g C m
-2 

yr
-1

), followed 

closely by 2012 (292 g C m
-2 

yr
-1

). The remaining three years had annual NEP 

values less than 200 g C m
-2 

yr
-1

, with 2015 being the lowest at 90 g C m
-2 

yr
-1 

(Figure 2.6a). The spring of 2016 experienced a delayed start to the growing 

season similar to 2014 (Figure 2.4), the year with the highest NEP, however the 

annual carbon sink strength of 2016 (185 g C m
-2 

yr
-1

) was just over half of 2014. 

Following a delayed onset of spring warming and growth, the annual NEP in 2016 

fell short of the warmest (2012) and wettest (2014) years, due in large part to 

warm summer and fall Ta conditions. The fall of 2016 experienced the warmest 

and most productive (highest GEP) fall in the five years of measurements, though 

this also led to the highest fall RE (389 g C m
2
) within the measurement period, 

quickly decreasing daily and cumulative NEP (Table 2.2). 

 

2.4.3 Statistical Analysis and Environmental Controls 

A multivariate linear regression analysis was performed between carbon fluxes 

and meteorological explanatory variables (i.e. gap-filling methods) at half-hourly 

and daily time scales for daytime, growing season measurements. The individual 

contribution of each of these variables (PAR, VPD, Ts5cm, and θ0-30cm) was 

compared to model R
2  

in an attempt to quantify the relative explanatory power of 

the meteorological data (Table 2.3). NEP, GEP, and RE residuals had normal 

distributions at our forest. Overall, model explanatory power was highest for RE 

at both time scales (R
2
~0.8). NEP was the only flux to have higher R

2
 for the 
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daily model when compared to the half-hourly model (Table 2.3). Ts5cm explained 

most of the variability in RE and GEP at both time scales. Ts is able to best 

predict the fluxes in the deciduous forest as it captures the soil freeze/thaw and 

seasonal phenological effects within the deciduous forest. Ts5cm explained more 

variability in NEP at the daily time scale, however, it was the secondary 

explanatory variable on the half-hourly time scale, behind PAR. PAR ranked next 

in explanatory power for GEP, although, it explained no variability in RE. θ0-30cm 

contributed to RE at both time scales, though it failed to explain GEP and NEP. 

Additionally, VPD was found to have a significant effect on NEP and GEP at the 

half-hourly time scale, although it was not significant at the daily time scale. 

Overall, during the five years of the study, the key meteorological controls on 

carbon fluxes at our site were calculated to be Ts5cm and PAR.   

 Half-hourly bin-averaged daytime, growing season, NEP (non gap-filled), 

GEP, and RE, plotted against the significant meteorological variables (Ts5cm, 

VPD, PAR, and θ0-30cm) are shown in Figure 2.7. All years experienced a steady 

rise in NEP (Figure 2.7a) and GEP (Figure 2.7e) following an increase in Ts5cm up 

to 15-20°C. Past this range of Ts, NEP and GEP began to plateau or even 

decrease with increasing Ts. An exponential increase in RE (Figure 2.7i) with 

increasing Ts5cm was seen in all years. During 2014, the year with the highest 

annual NEP, maximum half-hourly NEP reached nealy 17 μmol C m
-2 

hhr
-1 

when 

Ts5cm was 20°C, considerably higher than other years. Even within the ideal range 

of Ts, NEP and GEP may be limited through stomatal restrictions related to VPD 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences 

39 

 

or water limitations (Table 2.3). As Ts5cm increases, θ0-30cm decreases illustrating 

how Ts and θ are highly correlated here. The years with the highest GEP and NEP 

at maximum Ts5cm values, were also the wettest, especially during the summer 

(2013 & 2014). While all years saw a decrease in NEP (Figure 2.7b) and GEP 

(Figure 2.7f) with increasing θ0-30cm, GEP was sustained at higher θ0-30cm values in 

2013 and 2014. The hot and dry years (2012 and 2016) saw a dramatic decrease in 

GEP at moderate θ0-30cm as water availability controlled stomatal restrictions.  

 Binned VPD plotted against NEP and GEP illustrates that fluxes are 

typically low at very low VPD (< 0.5 kPa) and considerably higher VPD (> 1.5 

kPa). These conditions represent sufficiently wet and dry atmospheric conditions, 

respectively. Maximum NEP (16 μmol C m
-2 

hhr
-1

) and GEP (21 μmol C m
-2 

hhr
-

1
) were shown to occur within a VPD range of 0.7 to 1.2 kPa (c.f. Figure 2.7c and 

Figure 2.7g). In 2012, high Ts and very high, year-long VPD led to considerable 

deviation from other years, with the maximum photosynthetic fluxes being 

reached near a VPD of 1.5 kPa while extending above 3 kPa. For wet years (2013 

and 2014), the annual maximum VPD (2 – 2.5 kPa) resulted in near zero GEP and 

negative NEP. In all years, RE saw nearly constant values at all ranges of VPD 

(Figure 2.7k), though a localized maximum respiratory flux was observed around 

a VPD of 2 kPa. Lastly, bin-averaged PAR and NEP (Figure 2.7d), GEP (Figure 

2.7h), and RE (Figure 2.7l) was examined. GEP was gap-filled with PAR, so a 

highly correlated parabolic curve is observed, with increasing GEP and NEP with 

increasing PAR. All years but 2012 experienced similar patterns of GEP and 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences 

40 

 

PAR, while the environmental conditions in 2012 (high Ta, high VPD) may have 

limited leaf stomata from efficiently utlizing PAR.   

 

2.4.4 North American Regional Analysis 

Annual values of carbon fluxes measured at our site were compared to fluxes 

from 4 other Eastern North American temperate deciduous forests for the time 

period from 2012 to 2016. Initially, a fifth site, Silas Little – New Jersey (US-Slt), 

was considered. However, a major insect defoliation event in 2007 resulted in the 

site being a carbon source for two years after and a decrease in site NEP to only 

22% of pre-distrubance values from 2009 to 2016 (Clark et al., 2018). 

Consequently, this study was excluded in order to only consider non-disturbed, 

old-growth deciduous forests. Annual values of NEP, GEP, and RE, and other 

meteorological and characteristic information are given in Table 2.4. The forests’ 

age ranged from 70 to 130 years old, with the youngest being Harvard Forest in 

Petersham, Massachusetts (Urbanski et al., 2007) and the oldest being the Bartlett 

Experimental Forest in Durham, New Hampshire (Lee et al., 2018). For all 

forests, mean annual Ta and P calculated from available data, ranged from 5.2 to 

14.5°C and 560 to 2384 mm, respectively. On an annual basis, the forests were 

sinks of carbon with NEP ranging from 69 to 459 g C m
2
 year

-1
, GEP from 1180 

to 1684 g C m
2
 year

-1
, and RE from 954 to 1406 g C m

2
 year

-1
. The five year 

mean values of NEP (206 g C m
2
 year

-1
), GEP (1343 g C m

2
 year

-1
), and RE 
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(1171 g C m
2
 year

-1
) at our site fell just slightly below the mean values for all 

sites but within the range of standard deviations (Table 2.4). 

 Carbon fluxes (NEP, GEP, and RE) were plotted against individual site 

characteristics, including forest age, mean annual Ta, and total annual P in Figure 

2.8. No significant relationship between annual fluxes and latitude was found. 

This was illustrated by the similarities in annual NEP, GEP, and RE values 

between the Coweeta forest (35°N) and Harvard forest (42.5°N), even though site 

Ta and P varied considerably (Table 2.4). Forest age (Figure 2.8a; 2.8d; 2.8g) was 

shown to be negatively correlated to NEP and GEP. The 5-year mean fit found 

that an increase of 10 years in a forests age decreased annual NEP by 56 g C m
2
 

year
-1

, with a similar decrease experienced in GEP (73 g C m
2
 year

-1
) for these 

mature forest stands. Mean annual Ta (Figure 2.8b) and total P (Figure 2.8c) had 

little influence on annual NEP, largely varying between individual years. 

Interestingly, the driest and warmest years (2012, 2015, and 2016) experienced 

decreases in NEP with increasing Ta and P. In all years, annual GEP increased 

with increasing mean annual Ta (Figure 2.8e) and total annual P (Figure 2.8f). 

The 5-year mean fit found an increase of 2°C and 200 mm to result in an increase 

in GEP of  50 g C m
2
 year

-1 
and 30 g C m

2
 year

-1
 , respectively. No significant 

relationships were found between RE and forest age (Figure 2.8g) and mean 

annual Ta (Figure 2.8h), though annual RE was shown to increase with increasing 

total annual P (Figure 2.8i).  
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2.5 Discussion 

2.5.1 Carbon Fluxes  

Carbon budgets of temperate deciduous forests are unique due to their distinct 

seasonal patterns of carbon gain and loss over the course of a year driven largely 

by leaf-phenology and seasonal meteorological conditions (Greco and Baldocchi, 

1996). At our site, photosynthesis (GEP) was initiated between the end of April 

and mid-May (days 105 to 121) before ending in early to mid-November (days 

300 to 314). Seasonally, the site was a small but consistent carbon source through 

winter (i.e. consistently negative NEP) due to small respiratory fluxes and no 

photosynthesis (Table 2.2). During that time, daily NEP values averaged between 

negative 1-2 g C m
-2

 day
-1

. Similar winter NEP values have been observed at 

other deciduous forests (Bolstad et al., 2004; Curtis et al., 2002). Following the 

winter and into early spring until leaf-out, the site becomes a strong C source. 

NEP values continue to decrease with increasing Ta. Following leaf-out, however, 

NEP rapidly increased and the site became a carbon sink. At our site, the spring of 

2012 (Table 2.2) had the highest spring Ta (11.7°C), ~ 3°C higher than any other 

year, leading to the earliest growing season start and highest spring NEP (-17 g C 

m
-2

), similar to that conditions described by Richardson et al. (2010). Ultimately, 

this early start to the 2012 growing season aided the year in having the second 

highest annual NEP. Variability in summer NEP is likely driven by changes in 

GEP (Figure 2.7). Though θ0-30cm was not shown to significantly contribute to 

GEP (Table 2.3) at our site, others have shown that with sufficient water 
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availability, radiation is the limiting factor in GEP (Wu et al., 2013). During each 

summer, rising Ts produced an overall negative impact on NEP. The inhibition of 

GEP at higher Ts (Figure 2.7d), and increasing RE due to both increasing Ts and 

biomass (Figure 2.7g), led to a decrease in NEP for the remainder of the year. 

The key period which determined the overall annual NEP at our site 

occurred during mid-summer (late July, early August) – what happened in these 

months would determine the strength of the carbon sink at our site on an annual 

basis. In all years, this period acted to prolong or inhibit forest productivity. In 

2013 and 2015, the two years with the lowest annual NEP values, fluxes began 

with nearly identical growing season starts and carbon uptake until mid-July 

(Figure 2.6a). These two years had the lowest summer NEP, PAR, VPD, and Ta 

(Table 2.2), but very different seasonal and annual P patterns. In 2015, θ0-30cm 

(Figure 2.3d) approached a summer minimum at the end of July; while in 2013 it 

did not, leading to different carbon uptake for the remainder of the year. In 2014 

and 2016, the two highest annual NEP years on record, the growing season start 

varied by three weeks, but both years experienced similar carbon uptake until July 

(Figure 2.6a). A drought and lull in P (Figure 2.1b) from May to July occurred in 

2012, but was replenished by ample P in late July. While the NEP of both years 

continued similarly after this point, the timing and severity of the heat and lack of 

P in 2012 produced lower photosynthetic uptake for the remainder of the growing 

season as compared to 2014. Furthermore, 2016 and 2014 had similar growing 

season starts but experienced a large deviation in carbon uptake following a 
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decrease in θ0-30cm similar to 2012. Overall, it appears that mid-summer 

meteorology and soil water status greatly impacted forest carbon uptake. More 

importantly, the timing and duration of these meteorological responses greatly 

shaped overall NEP dynamics in this forest over the study period.  

 

2.5.2 Environmental Controls 

At our site, the variation in carbon fluxes was strongly influenced by the onset of 

photosynthetic activity in spring to begin the growing season, as well as 

senescense in the autumn. During the summer, high Ta (>20°C) and high VPD 

(>1 kPa) caused seasonal soil water  (θ) deficits, highlighting the importance of 

θ0-30cm  and its correlation to Ts5cm. In the summers of 2012, 2014, and 2016, daily 

θ0-30cm dropped well below average conditions (0.104 m
3
 m

-3
), reaching 0.05 m

3
 

m
-3

 on different occasions. The forest however always recovered later in the year, 

typically following a large P event (Figure 2.3d). Daily NEP peaked in the early 

growing season (May – July), but after this time and during water stressed periods 

(low θ or high VPD), NEP often dropped considerably. Warm spring Ta can help 

enhance GEP through the lengthening of the growing season (Richardson et al., 

2009b). However, increased heat or water stressed conditions and high summer 

Ta may reduce GEP, while warmer soils enhance RE (Barr et al., 2002). Our 

forest experienced two faint peaks in RE, one in mid-summer (June and July) and 

one in early-autumn (August-September), similar to Black et al. (2000). In the 

autumn, RE was high when leaves were senescing but Ts remained high. This was 
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illustrated in 2016, when late season warming caused a slight rise in NEP in late 

September. However, even with supporting environmental conditions, limitations 

from light or nutrients could not sustain carbon uptake that late into the season.  

With continued warming later in the year, high fall Ta may lead to a 

lengthening of the growing season through October, predicted to cause an 

asymmetry in the carbon fluxes of deciduous forests (Barr et al., 2002). Often 

though, as seen at our site, late season warming leads to a reduction of the carbon 

storage through increased RE. The resulting late season carbon losses prior to leaf 

senescence are likely to outweigh the gains from prolonged photosynthesis 

(Schimel, 1995; Piao et al., 2008; Richardson et al., 2010; Froelich et al., 2015). 

In all years, even in water-stressed conditions, our site remained a net annual 

carbon sink. However, in the future, with more extreme Ta and more variable P,  

extending an already hot and dry growing season could further promote carbon 

loss, affecting the annual sink/source status of these forests. 

 

2.5.3 Regional Analysis 

Without human disturbances, deciduous forests would be the dominant forest type 

in the temperate climate region across eastern North America (Curtis et al., 2002). 

These forests are estimated to sequester an average of 1.0 to 2.4 Mg C ha
-1

 yr
-1

 or 

100 to 240 g C m
-2 

yr
-1

 (Birdsey, 1992). Annual measurements of carbon storage 

and driving factors were compared to other North American temperate deciduous 

forests. For forests included in our study with similar latitude, stand age, and 
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vegetation types, the mean annual carbon sequestration was 213 ± 102 g C m
-2

 yr
-

1 
(Table 2.4). The lowest NEP estimates, included in the analysis, were found in 

northern locations of the United States (Michigan and New Hampshire) and 

southern Ontario Canada.  

Although not included in our regional analysis due to the availability of 

recent data, a maple dominated deciduous forest in Borden, Ontario (44°N) had an 

average NEP of 177 g C m
-2

 yr
-1

 over 17 years (1996-2013) of measurements, 

with the forest being a weak carbon source for two years during the measurement 

period (Froelich et al., 2015). Higher NEP was measured further south at the 

Walker Branch deciduous forest in Oak Ridge, Tennessee (35°N), averaging 574 

g C m
-2

 yr
-1

 during 5 years (1995-1999) of measurements (Wilson and Baldocchi, 

2001). While the more southern forest in our analysis (e.g. Coweeta) had high 

annual NEP, we found no relationship between latitude and annual NEP.  

The University of Michigan Biological Station (UMBS) forest in Northern 

Michigan lies within the transition zone between mixed hardwood forests and 

boreal forests and has similar stand age, soil characteristics, tree species and 

latitude as our site (Gough et al., 2013).  At their site the NEP ranged from 70 to 

170 g C m
-2

 yr
-1 

over a 3-year period from 1998 to 2001 (Curtis et al., 2002; 

Schmid et al., 2003). However, in recent years (2012-2016), their site NEP ranged 

from 172 to 331 g C m
-2

 yr
-1

 (Table 2.4). At our site, NEP ranged from 90 to 305 

C m
-2

 yr
-1

, well within the range of similar forests. These similar sites yielded a 
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negative correlation (R
2
 ~ 0.5) between forest age and annual NEP, though other 

site variables could not help explain NEP.  

Eastern deciduous forests are typically a moderate carbon sink, but their 

carbon sink capacity varies due to meteorological conditions. The studies at the 

Oak Openings forest in northwestern Ohio suggested that seasonal GEP was 

determined by Ta, θ, and VPD, while year-to-year differences were explained by 

changes in LAI. Additionally, RE was most sensitive to Ta and θ, while the θ 

effect on RE may have been facilitated by GEP (Noormets et al., 2008, Xie et al., 

2014). The Borden forest found that total annual NEP was most strongly 

correlated with mean annual PAR (Froelich et al., 2015). The main 

meteorological factors driving variability in the fluxes at our site were due to Ts 

(driven by Ta) and PAR. While no significant contribution from θ was found for 

NEP and GEP, we do recognize its close relationship with Ts. As Ts increased, θ 

tended to decrease. RE in our forest was sensitive to θ. Theses seasonal and 

phenological influences on meteorological controls appear to influence most 

temperate deciduous forests across eastern North America.  

 

2.6 Conclusions 

Seasonal and annual dynamics of carbon fluxes were studied for five years (2012 

to 2016) at a mature temperate deciduous forest in the Great Lakes region of 

southern Ontario, Canada. On average, the forest was an annual carbon sink of 

206 ± 92 g C m
-2

 yr
-1 

over this period and was within the range of NEP values 
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from other Carolinian forests. Mid-summer meteorological conditions greatly 

impacted annual NEP. Heat (Ta and Ts) and moisture conditions (P, VPD, and θ) 

during the summer largely defined the direction of the annual carbon 

sequestration. The inter-annual variability of temperature was the dominant 

control on the length of the growing season and the timing of the carbon fluxes. 

However, seasonal anomalies suggest that even during years with shorter periods 

of leaf-cover, larger-scale meteorological processes (i.e. temperature and light 

intensity) determine the overall carbon sequestration of the forest. The forest was 

an overall annual carbon sink even in years with increased heat and moisture 

stress. With an increase in these heat and drought events, despite an extension of 

the growing season predicted under future climates, autumn late-season warming 

and respiratory losses may significantly impact the strength of annual carbon 

sequestration at our site. Finally, our findings suggest that even under future 

warming, our oak dominated forest, at the northernmost extent of deciduous 

forests in North America, will continue to be a viable option for reforestation 

practices, due to its continued carbon sink capability even during droughts. 
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Table 2.1:  Turkey Point Deciduous (TPD) site characteristics 
 

Stand Parameter  Condition   

Location  42˚ 38’ 7.124’’ N 

80˚ 33’ 27.222’’ W 

Stand Age 70 – 110 years 

Ground Elevation above Sea Level 210.6 m 

Dominant Overstory Species  White Oak (Quercus alba) 

Secondary Overstory Species  Red Oak (Quercus rubra) 

Sugar Maple (Acer saccharum) 

White Pine (Pinus strobus) 

Red Maple (Acer rubrum) 

American Beech (Fagus grandifolia) 

Yellow Birch (Betula alleghaniensis) 

Understory Species Putty Root (Aplectrum hyemale)  

Yellow Mandarin 

(Disporum   lanuginosum) 

Canada Mayflower  

(Maianthemum canadense) 

Red Trillium (Trillium erectum) 

Black Cherry (Prunus serotina) 

Horsetail (Equistum)  

Wood Violet (Viola palmata) 

Maximum Leaf Area Index (LAI) 8.0 m
2
 m

-2 

Mean Diameter at Breast Height 

(DBH)
a 23.14 ± 14.05 cm  

Mean Tree Height 
a 

25.7 ± 7.44 m  

Stem Density 
a
 504 ± 181 ha

-1
 

Mean Tree Basal Area 
a 

0.06 ± 0.02 m
2 

a
 Kula (2013) 
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Table 2.2: Seasonal sums of carbon fluxes (NEP, GEP, and RE), sum of 

precipitation (P), and mean seasonal air temperature (Ta) and vapor pressure 

deficit (VPD) values are shown. Winter calculations for each year used December 

values from the previous year. 5-year seasonal means are also shown. Mean 

values in brackets (Ta and P) are measured 30-year means from the Environment 

Canada Delhi CDA weather station (Environment and Climate Change Canada). 

 
 

Season 

 

2012 2013 2014 2015 2016 Mean 

          

NEP sum 

(g C m
-2

) 

 Spring  -17 -23 -58 -32 -71 -40 

 Summer  379 287 448 265 373 350 

 Fall  8 -50 -16 -65 -30 -31 

 Winter  -50 -60 -61 -66 -98 -67 

GEP sum 

(g C m
-2

) 

 Spring  179 153 100 159 117 142 

 Summer  787 936 980 907 945 911 

 Fall  232 280 303 281 357 291 

 Winter  -- -- -- -- -- -- 

          

RE sum 

(g C m
-2

) 

 Spring  214 182 173 205 204 196 

 Summer  408 648 531 638 570 559 

 Fall  234 339 323 351 389 327 

 Winter  60 90 78 74 108 82 

          

P sum 

(mm) 

 Spring  115 214 233 190 231 197  (266) 

 Summer  159 267 244 206 144 204  (236) 

 Fall  311 256 373 218 311 294  (255) 

 Winter  143 206 188 104 189 166  (218) 

          

Ta avg. 

(°C) 

 Spring  11.7 7.50 5.66 7.20 7.89 7.99  (6.87) 

 Summer  22.9 20.3 20.1 19.9 22.0 21.0  (20.0) 

 Fall  11.4 10.8 10.7 13.1 13.6 11.9  (9.90) 

 Winter  0.27 -0.14 -5.56 -5.40 0.49 -2.07  (-3.85) 

          

VPD avg. 

(kPa) 

 Spring  0.85 0.54 0.43 0.50 0.54 0.57 

 Summer  1.33 0.75 0.79 0.77 1.01 0.93 

 Fall  0.61 0.45 0.47 0.55 0.52 0.52 

 Winter  0.23 0.41 0.26 0.29 0.38 0.31 
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Table 2.3: Relative linear-fit calculated contribution of the individual explantaory 

variables to the multivariate models of daytime, growing season net ecosystem 

productivity (NEP), gross ecosystem productivity (GEP), and ecosystem 

respiration (RE), as well as model performance. Variables included in the model 

were PAR, VPD, Ts5cm and θ0-30cm. Analysis was performed at daily and half-

hourly time scales. NS indicates that a variable was not significant in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Daily  Half-Hourly 

 NEP GEP RE  NEP GEP RE 

PAR (% r
2
)  18.5 8.89 NS  58.5 41.3 0.17 

VPD (% r
2
)  NS 1.93 3.69  11.1 11.0 1.83 

Ts 5cm (% r
2
)  32.2 68.3 95.3  24.3 43.2 97.1 

θ 0-30cm (% r
2
)  2.20 0.49 9.32  0.58 NS 12.9 

Model r
2
  0.32 0.70 0.82  0.47 0.61 0.81 

F-statistic 

(α < 0.001) 

 
94 462 886  4.03E3 7.02E3 1.93E4 
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Table 2.4: Summary of site characteristics (i.e. location & dominant tree species), mean annual Ta (°C), total annual P 

(mm), and fluxes (NEP, GEP, RE in g C m
-2

 yr
-1

) of Eastern North American deciduous forests, from 2012 to 2016. 

Site Location Species Ta (°C) P (mm) Year Age NEP GEP RE Site Reference 

Coweeta          

(US-Cwt) 

35.0592;   

-83.4275 

Tulip Poplar, 

White Oak, Black 

Birch,  Red Maple 

13 1495 

2012 81 194 1563 1369 Novick et al. 

(2013)  

 Oishi et al. 

(2018) 

2013 82 364 1602 1238 

2014 83 315 1552 1237 

2015 84 147 1463 1316 

Harvard 

Forest       

(US-Ha1) 

42.5369;   

-72.1725 

Red Oak,  Red 

Maple, Eastern 

Hemlock 

6.6 1071 

2012 74 339 1684 1345 Urbanski et al. 

(2007)  

Munger et al. 

(2017) 

2013 75 218 1495 1277 

2014 76 459 1557 1098 

2015 77 194 1600 1406 

Turkey Point 

Deciduous 

(CA-TPD) 

42.6353;   

-80.5577 

White Oak, Sugar 

Maple, Red 

Maple, American 

Beech 

8 1036 

2012 90* 292 1198 954 

This Study 

2013 91* 156 1369 1250 

2014 92* 305 1382 1110 

2015 93* 90 1347 1283 

2016 94* 185 1420 1260 

Bartlett          

(US-Bar) 

44.0639;   

-71.2874 

Red Maple, Sugar 

Maple Paper 

Birch, American 

Beech 

6.6 1300 

2012 110* 114 1291 1177 

Lee et al. (2018) 

2013 111* 120 1309 1189 

2014 112* 102 1314 1200 

2015 113* 110 1268 1166 

2016 114* 69 1378 1269 

University of 

Michigan 

Biological 

Station         

(US-UMB) 

45.5598,   

-84.7138 

Red Oak, Sugar 

Maple, Red 

Maple, Bigtooth 

Aspen 

5.5 817 

2012 89 331 1309 978 

Gough et al. 

(2013) 

2013 90 214 1180 966 

2014 91 172 1299 1127 

2015 92 229 1315 1081 

2016 93 182 1318 1131 

Mean   7.94 1144   213±102 1401±138 1192±124  

*Mean forest age used in analysis. CA-TPD: 70 – 110 years; US-Bar: 90 – 130 years. 
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Figure 2.1: Monthly mean (a) air temperature (Ta) and (b) cumulative precipitation (P) from 2012 to 2016. The 

Environment Canada Delhi CDA weather station  measured 30-year mean Ta and P values are plotted in teal, with the 

monthly standard deviation shaded. 
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Figure 2.2: (a) Box plot of seasonal (i.e. winter, spring, summer, fall) and annual mean air temperature (Ta) from 

2012-2016 including the Environment Canada Delhi 30-year mean Ta (teal), and (b) the total sum of seasonal and 

annual precipitation (P), including 30-year mean P with standard deviation. 
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Figure 2.3: Daily time series from 2012-2016 of the mean (a) photosynthetically 

active radiation (PAR), (b) vapor pressure deficit (VPD), (c) soil temperature at 5 

cm depth (Ts5cm), (d; left) the mean volumetric water content (θ) between 0 and 

30 cm depths, and (d; right) daily sum of P. Grey shading (d) includes the range 

(5 – 50 cm) of θ within the mean 0 – 30 cm column of soil.  
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4
 

 

 
Figure 2.4: (a – e) Gap-filled half-hourly net ecosystem productivity (NEP, g C m

-2 
hhr

-1
) plotted each half hour of the 

day (local time, x-axis) and day of year (y-axis) from 2012 to 2016. The timing of leaf-out and leaf-fall determined by 

transitions in PhenoCam greenness chromatic coordinate (GCC) values are labeled annually by horizontal dashed lines. 
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Figure 2.5: Daily sums of (a) net ecosystem productivity (NEP), (b) gross 

ecosystem productivity (GEP), and (c) ecosystem respiration (RE) from 2012-

2016. Grey shading illustrates the 10% to 50% range of transition dates derived 

from PhenoCam GCC measurements. Note: NEP (a) y-axis (i.e. -5 to 10 g C m
-2

 

day
-1

) is not the same as GEP (b) and RE (c) (i.e. 0 to 15 g C m
-2

 day
-1

). 
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Figure 2.6: Annual (a) cumulative daily sums of NEP, (b) GEP (from days 119 to 300, encompassing all years), and 

(c) RE, from 2012-2016. Grey shading (same as Figure 2.5) covers the entire range of growing season transition dates 

for the five years of data. Cumulative annual sums values also shown on the right of each figure (g C m
-2

 yr
-1

). 
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Figure 2.7: (a) Non-gapfilled growing season net ecosystem productivity (NEP) 

versus bin averaged 5 cm soil temperature (Ts5cm, bin size of 0.5°C), (b) bin 

averaged 0 to 30 cm volumetric water content (θ0-30cm, bin size of 0.005 m
3
 m

-3
), 

(c) bin averaged vapour pressure deficit (VPD, bin sizes of 0.05 kPa), and bin 

averaged photosynthetically active radiation (PAR, bin sizes of 50 μmol m
-2

 s
-1

). 

(e-h) Same analysis for gross ecosystem productivity (GEP) and (i-l) ecosystem 

respiration (RE) also shown. Solid lines are annual moving average fits. 
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Figure 2.8: Linear relationships from 2012-2016 between (a-c) annual NEP, (d-f) 

GEP, and (g-i) RE, and site characteristics of North American deciduous forest 

research sites included in the regional analysis, including: (a, d, g) forest age, (b, 

e, h) mean annual air temperature (Ta), and (c, f, i) total annual P. The fit of each 

year is color coded, while the listed R
2
 value is for all data (dark green line).  
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CHAPTER 3: 

THE IMPACT OF SPRING AND AUTUMN SEASONS’ TIMING AND 

DURATION ON THE CARBON UPTAKE OF A TEMPERATE 

DECIDUOUS FOREST IN EASTERN NORTH AMERICA 

 

3.1 Abstract 

Within the temperate deciduous forests of North America, phenology plays an 

important role in determining the timing and length of the growing season, 

ultimately affecting annual rates of carbon uptake. This is especially true of 

phenology during the shoulder seasons, such as spring and autumn. While many 

studies have analyzed the impact of the onset of early spring on forest carbon 

dynamics, few have analyzed the impact of an extended autumn season. This 

study examined the interaction of carbon emissions, phenology, and climate 

during six years (2012 – 2017) in a deciduous forest in the Great Lakes Region of 

southern Ontario, Canada. Spring and autumn phenological transition dates were 

calculated for each year from measured carbon flux data as well as from digital 

camera greenness indices (GCC). The calculated phenological transition dates 

were then compared to various climatic drivers. We show that the timing of both 

spring and autumn transition dates were impacted by seasonal changes in air 

temperature and other meteorological variables. In general, years with warm 

early-May conditions saw an advanced start to the growing season in the study 

region, while years with warm October and November conditions saw a 
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prolonged autumn season and prolonged growing season end dates. In contrast to 

results of past studies, we show that an earlier start to the growing season in 

spring, and the resulting extended growing season length, does not necessarily 

translate into an increased annual carbon uptake by the forest. The two years with 

the latest growing season starts and shortest growing season lengths were the 

largest annual sinks of carbon in our study. We also found that the variability in 

autumn phenological dates was greater than that of spring dates. Prolonged 

autumns negatively impacted the overall annual carbon uptake of the forest, 

because the steady carbon emissions by ecosystem respiration outweighed the 

reducing carbon uptake by photosynthesis, when warm temperatures persisted and 

daylight length (photoperiod) shortened. Our results suggest that if the growing 

season extends and phenological transition dates shift, due to warming in the 

autumn shoulder season, this may negatively impact the overall annual carbon 

uptake of deciduous forests in eastern North America. Finally, in our analysis we 

found that while GCC data could not capture peak photosynthesis dates, it was 

able to accurately capture key changes in photosynthesis associated with spring 

and autumn transition dates, which may be useful in remote sensing applications. 

 

3.2 Introduction 

The variability of carbon uptake within temperate deciduous forests is governed 

by numerous meteorological variables, including surface phenology (Froelich et 

al., 2015). Studies have shown phenology to be primarily driven by air 
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temperature, leading to annual differences in the timing and duration of the 

growing season within deciduous forests (Richardson et al., 2010, Vitasse et al., 

2011; Barichivich et al., 2013; Shao et al., 2015). Recent increases in temperature, 

due to global climate warming, especially in northern latitudes, have impacted the 

timing of phenological stages by advancing leaf emergence in the spring and 

delaying leaf senescence in the autumn (Richardson et al., 2013; Fu et al., 2014; 

Piao et al., 2019). While phenology within temperate deciduous forests is flexible 

and congruent to local meteorological and climatological conditions, the timing of 

emergence and senescence, marking the photosynthetic season, can have 

significant effects on seasonal variations of surface-atmosphere interactions and 

carbon uptake (Baldocchi et al., 2005; Polgar & Primack, 2011). Earlier spring 

leaf emergence may promote increased photosynthetic gains and enhanced carbon 

uptake due to greater precipitation and/or radiation interception within a forest 

canopy (White et al., 1999; Richardson et al., 2010). However, increased canopy 

uptake may also negatively impact the temperature, moisture, and energy profiles 

of understory vegetation and soil, dependent on typical early non-growing season 

conditions (Wilson and Baldocchi, 2001; Morisette et al., 2009). Furthermore, 

increased spring warming may lead trees to experience an increased risk of 

freezing temperatures or frost damage following leaf emergence (Cannell & 

Smith, 1986; Polgar & Primack, 2011). In the autumn, the carbon uptake potential 

of many tree species is shown to decrease due to light limitations from low 

irradiance and the shortening of the daily photoperiod (Morecroft et al., 2003; 
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Froelich et al., 2015). Therefore, higher autumn temperatures, acting to extend the 

growing season, may lead to respiratory losses which exceed photosynthetic gains 

experienced earlier in the spring, leading to a possible reduction in forest carbon 

uptake (Dunn et al., 2007; Piao et al., 2008).  

Globally, predicted increases in temperatures and variability in the timing 

and frequency of precipitation will put the future of forest carbon and water 

cycles and stores at risk, as they have been reported to be sensitive to changes in 

climate (Bonan, 2008; Allen et al., 2010; Vose et al., 2012; Reichstein et al., 

2013; Pachauri et al., 2014). Within the Great Lakes Basin of Eastern North 

America, a region containing extensive temperate mixed and deciduous broadleaf 

forests (Wolter et al., 2006; Danz et al., 2007), accelerated climate change 

conditions are expected by the end of the 21st century (IPCC, 2013; USGCRP, 

2017). In this region, predicted increases in mean winter (3 – 7°C) and summer 

temperatures (3 – 11°C) may lead to increases in growing season length as well as 

shifts in the composition, range, structure, and diversity of tree species within 

these forests (Kling et al. 2003; Iverson et al., 2008; Scheller et al., 2008; Zhu et 

al., 2012; IPCC, 2013; Duveneck et al., 2014). Changes in the local phenology 

and meteorology may also promote the migration of trees to higher latitudes, with 

evidence suggesting strong northward shifts of 10 to 15 km per decade in many 

northern hardwood forests around the Great Lakes (Iverson et al., 2004; Bertin, 

2008; Woodall et al., 2009; Lafleur et al., 2010; Vitasse et al., 2011). Such 

modifications to forest diversity and structure may lead to changes in a forests 
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resilience or resistance to changing meteorological conditions, ultimately shaping 

forest carbon uptake (Chapin et al., 1998; Erskine et al., 2006; Paquette and 

Messier, 2010). Earlier emergence from certain species in the spring with minimal 

temperature or light requirements (i.e. chilling, photoperiod, shade-tolerance, 

etc.), could alter the leaf emergence timing and carbon uptake of an entire forest 

(Goulden et al., 1996; Morecroft et al., 2003). Conversely, a delay in the response 

of tree species to these phenological changes may lead to species mortality and 

decreases in ecosystem-scale resilience and carbon uptake capacity (Soja et al. 

2007, Scheller et al. 2008, Frelich and Reich 2010). Overall, the degree at which 

changes in phenology and climate will affect carbon sequestration within 

temperate forests remains uncertain (Grace & Rayment, 2000; Barr et al., 2002; 

Polgar & Primack 2011). Therefore, the evaluation of the interaction between 

forest climate, phenology, and carbon sequestration requires continued 

exploration.  

Of particular importance to the phenology of temperate deciduous forests 

are the transition or shoulder seasons (Monson et al., 2005; Garrity et al., 2011; 

Wu et al., 2012; Wu et al., 2013), loosely defined as the periods of rapid leaf 

growth and decay, outside of the period of maximum photosynthetic uptake. The 

shoulders, beginning with the start of the growing season to the end of leaf 

emergence/bud burst in the spring, and the initiation of leaf senescence to the end 

of the growing season in the autumn, will likely have a greater control on carbon 

balances of temperate deciduous forests under future climates, as compared to the 
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peak growing season (Kramer et al., 2000; Richardson et al., 2009b; Kwit et al., 

2010; Desai, 2010). This study: (i) examined the climatic controls on spring and 

autumn phenology in a temperate deciduous forest at the northern extent of North 

American deciduous forests, (ii) analyzed how these controls influenced annual 

carbon sequestration as the result of variability in shoulder season lengths and 

duration, and (iii) outlined the implications of climate-phenology interactions on 

forest carbon uptake capacity in the area, under predicted future climate warming. 

 

3.3 Methods 

3.3.1 Site Description 

This study was conducted at the Turkey Point Deciduous (TPD) forest 

(42°38'7"N, 80°33'28"W; elevation 265 m), located approximately 10 km 

northwest of Long Point Provincial Park on the northern shore of Lake Erie in 

southern Ontario, Canada. The study site is part of the Turkey Point Observatory, 

Global Water Futures Program, and global FLUXNET network. The site is a 

naturally grown eastern deciduous (Carolinian) forest, with small portions of 

forested land regenerated from abandoned agricultural land and natural sandy 

terrain. The site is located on lightly undulating terrain within the Southern 

Norfolk Sand Plains, containing predominantly sandy (Brunisolic gray brown 

luvisol, following the Canadian Soil Classification Scheme) well drained soil, 

with a low-to-moderate water holding capacity. The dominant tree species is 

white oak (Quercus alba), with other hardwood species including: black and red 
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oak (Q. velutina, Q. rubra), sugar and red maple (Acer saccharum, A. rubrum), 

American beech (Fagus grandifolia), white ash (Fraxinus americana) and yellow 

birch (Betula alleghaniensis). Scattered white pines (Pinus strobus) make up less 

than 5% of the tree population. Tree cores estimate the forest to be 70 – 110 years 

old, with some pine species likely dating back to the early 1900s (personal 

communication, Dr. Shawn McKenzie, McMaster University). The climate of the 

region is defined as humid cool-temperate with warm summers and cool winters 

(Meteorological Service of Canada). Climate records from the Delhi CDA 

weather station (25 km) north of the site found the 30-year (1981 – 2010) mean 

annual air temperature and annual precipitation to be 8.0°C and 997 mm, 

respectively. Further site details can be found in Beamesderfer et al., (2019a). 

 

3.3.2 Meteorological Measurements 

Meteorological measurements have been conducted at this site since January 2012 

and are presently ongoing. Air temperature (Ta), relative humidity (RH), wind 

speed and direction, upward (PARup) and downward (PARdn) photosynthetically 

active radiation, and upward and downward shortwave (SW) and longwave (LW) 

radiation are measured at 36 m height atop a walk-up scaffold tower. Soil 

temperature (Ts) and soil volumetric water content (θ) are measured at five depths 

(2, 5, 10, 20, 50, and 100 cm) at two soil pit locations near the scaffold tower and 

are averaged for a more spatially representative value. Shallow rooting zone θ (θ0-

30cm) was calculated using depth-weighted averages following McLaren et al. 
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(2008). Precipitation (P) is measured in a small forest opening, 350 m southwest 

of the tower. All data (meteorological, soil, and precipitation) are sampled and 

recorded using data loggers with automated data downloads occurring every half 

hour on a desktop computer in a trailer at the base of the tower.  

 

3.3.3 Flux Measurements and Calculations 

Half-hourly fluxes of momentum, sensible heat (Hs), latent heat (LE) and CO2 

(Fc) have been measured continuously using a closed-path eddy covariance 

(CPEC) system, since January 2012. This study examines the first 6 years (2012 – 

2017) of data recorded, while measurements are still ongoing today. The CPEC 

setup consists of an enclosed infrared gas analyzer (IRGA) (LI-7200, LI-COR 

Inc.) and a 3D sonic anemometer (CSAT3, Campbell Scientific Inc.) mounted 

atop a walk-up scaffold tower, oriented west at 36 m height. Eddy covariance 

(EC) fluxes are sampled at 20 Hz frequency and averaged half-hourly on site, 

using custom software developed by the Biometeorology & Soil Physics Group at 

the University of British Columbia, Canada. 

The CO2 storage (SCO2) within the column of air below the EC sensors is 

calculated by vertically integrating the difference between the current and 

previous half-hourly measured CO2 concentrations above the canopy at 36 m 

height and mid-canopy at 16 m height. Net ecosystem exchange (NEE, µmol m
-2

 

s
-1

) is then calculated as the sum of the vertical CO2 flux (Fc), and the change of 

CO2 storage (NEE = Fc + SCO2). Both vertical and horizontal advections are 
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assumed to average to zero over long periods and were not considered. Net 

ecosystem productivity (NEP) is defined as the opposite of NEE (NEP = - NEE), 

where positive NEP (-NEE) indicates carbon uptake (sink) by the forest, and 

negative NEP (+NEE) is carbon loss (source) from the forest to the atmosphere. 

All EC flux and meteorological data were cleaned and gap-filled (if necessary) 

using custom software implemented by Brodeur (2014), following protocols 

designed by the AmeriFlux Network. Further threshold passing methods (i.e. 

footprint model and u-star [friction-velocity] threshold) were incorporated into the 

data processing to remove unrepresentative data (Kljun et al., 2004; Brodeur, 

2014; Beamesderfer et al., 2019a).   

Ecosystem respiration (RE) was modeled as a function of Ts5cm and θ0-30cm 

(Brodeur, 2014) using fitted temperature response parameters (R10 & Q10) in order 

to accurately describe the relationship between RE and Ts5cm. Large gaps in Ts5cm 

were gapfilled using a relationship with Ta for the site. Each half-hourly point 

was then scaled by the same ΔTa or ΔTs5cm. Gross ecosystem productivity (GEP) 

was estimated by subtracting measured NEE from daytime modeled RE. During 

periods where there were gaps in NEE data, GEP was modelled using a 

rectangular hyperbolic function defined by the relationship between GEP and 

PAR, and scaling responses of GEP to Ts, vapor pressure deficit (VPD) and θ0-

30cm (Brodeur, 2014; Beamesderfer et al., 2019a). Gaps in NEE due to 

instrumentation errors, calibrations, and power failure were filled as the difference 

between modeled GEP and RE.  
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3.3.4 Phenological Calculations 

Daily maximum photosynthetic uptake (GEPMax) was calculated using half-hourly 

non-gapfilled GEP. This was done to remove potential biases of meteorological 

responses to GEP found from using site specific gapfilling equations, which can 

be found in Beamesderfer et al. (2019a). GEPMax was calculated daily and fit 

using a double logistic function described by Gonsamo et al. (2013). Following 

the initial fit, a Grubb’s test was conducted to statistically (p < 0.01) remove 

outliers in GEPMax data using the approach outlined by Gu et al. (2009). With 

outliers removed, the function was fit once more. The Gonsamo et al. (2013) 

approach allows transition dates, and therefore phenological events, to be 

identified using first, second, and third derivatives of the logistics curves. The 

second derivatives effectively estimate the end of greenup (EOG), the length of 

canopy closure (LOCC), and the start of browndown (SOB), while the third 

derivatives calculated the start of the growing season (SOS), and the end of the 

growing season (EOS). SOS marks the end of winter dormancy, and the 

beginning of the photosynthetic season in spring. The phenologically defined 

spring season is defined as the period from SOS to EOG. Phenologically defined 

summer or peak carbon uptake period is defined as the entire LOCC period from 

the day of EOG to day of SOB, bound by spring and autumn shoulder seasons. 

LOCC also corresponds to the period between the onset and end of maximum leaf 

area index (LAI). Finally, the resulting phenologically defined autumn season is 

from SOB date to EOS date. EOS date marks the end of photosynthetic activity in 
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autumn. The length of the overall growing season (LOS) was calculated as the 

number of days between SOS and EOS (Gonsamo et al., 2013).  

Phenological imagery and greenness values were downloaded every half 

hour using a PhenoCam web camera (StarDot NetCam SC) installed at 36m 

height on top of the scaffold walk-up tower, as part of the PhenoCam network 

(Richardson et al., 2007a; Richardson et al., 2009a), which provides near-surface, 

automated remote sensing of canopy phenology at flux towers across North 

America. Supplementary to the main phenological date calculations, key growing 

season dates (phenophases) were calculated by changes in the greenness 

chromatic coordinate (GCC), calculated from the PhenoCam imagery, using the 

PHENOCAM R package (Richardson et al., 2007a; Toomey et al., 2015; Hufkens 

et al., 2018). Dates identifying the 10%, 25%, and 50% amplitudes from seasonal 

GCC minima at the start and end of the growing season were used in this analysis 

(Richardson et al., 2018). These dates were used for comparison to the modeled 

phenology dates using photosynthesis (GEP). 

Lastly, the impact of climate on phenology was examined by the use of 

growing degree days (GDD) and cooling degree days (CDD), in order to 

understand the thermal response of the forest. In the spring, GDD accumulation 

occurred during periods where the mean daily Ta was greater than 10°C. In the 

autumn, cooling degree days were calculated using the daily mean Ta below a 

base Ta of 20°C (Richardson et al., 2006; Gill et al., 2015). Both the cumulative 
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degrees and number of days matching the growing or cooling criteria were 

considered in the analysis.  

 

3.3.5 Modelling the Impact of Fluctuating Temperatures on Carbon Fluxes 

In an attempt to better understand future changes in forest productivity due to 

climate, sums of predicted GEP, RE, and NEP (GEP – RE) were created each 

year to provide a baseline estimate (i.e. change in air temperature (ΔTa) = 0). 

Then ten scenarios were calculated, by adding ΔTa to the original Ta time series, 

by increments of 0.1°C from -0.5°C to 0.5°C (i.e. ΔTa: -0.5:0.1:0.5). For each 

scenario, the original Ta and Ts values were substituted by Ta + ΔTa or Ts + ΔTs 

in estimates of RE and GEP, using previously parameterized models used in flux 

data gapfilling and partitioning as described above. Modified annual sums were 

then calculated to estimate the effects a 1°C Ta change could potentially have on 

fluxes. All data processing, analyses and figures were completed using MatLab 

software (The MathWorks Inc.). 

 

3.4 Results 

3.4.1 Climate Influences on Phenology 

Figure 3.1 illustrates the seasonal and annual variations in key meteorological 

variables from 2012 to 2017. The timing and shape of total daily incoming 

photosynthetically active radiation (PARdn) was consistent each year, though 

decreased summer PARdn was measured during both 2013 and 2015 (Figure 3.1a). 
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Decreases in total daily PARdn can be attributed to cloudy or wet conditions. Daily 

mean air temperature (Ta) varied from -20°C in the winter up to 30°C in the 

summer (Figure 3.1b). In all years, except for 2014 (8.0°C), mean annual Ta 

exceeded the 30-year (Environmental Canada) mean (8.0°C). A more detailed 

analysis of Ta anomalies in comparison to the 30-year norms is shown in Figure 

3.2. The daily mean vapor pressure deficit (VPD) was consistent for most years, 

with a peak present in the early to-mid summer, before decreasing later in the year 

(Figure 3.1c). An apparent outlier in daily VPD was found in 2012, when extreme 

heat and dry conditions throughout much of the year led to heightened VPD 

exceeding all other years of measurements. With increased VPD and Ta, most 

years experienced significant decreases in soil volumetric water content (θ) at 

near-surface (0 – 30 cm) and deep (100 cm) soil depths (Figure 3.1d). The timing 

and magnitude of Ta and P events throughout the year led to differences in the 

response and duration of decreases in θ. Most notable were the decreases in θ at 

both depths in both 2012 and 2016. Total precipitation (P) was typical for 

southern Ontario, Canada, with moderate P experienced at all times, although the 

magnitude of extreme events (P > 25 mm) was greatest in summer (Figure 3.1e). 

No year within the period of study exceeded the 30-year mean P (997 mm). 

Meteorological and climatic conditions influenced the timing and duration 

of key phenological dates and events shown in Table 3.1 and Figure 3.2. 

Unseasonably warm Ta in winter and spring of 2012 did not influence an earlier 

start of to the spring season (SOS, Figure 3.2a). This year ended up having the 
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longest summer (LOCC, 112 days) of all years, but also the lowest annual GEP 

(Table 3.4). The SOS in 2013 was the earliest (Day 116) of all years (Figure 

3.2b), but unfavorable conditions (i.e. low PAR), following leaf-emergence, led 

2013 to have the shortest summer (94 days, Figure 3.2b, Tables 3.1 & 3.2). The 

shortest overall growing season (180 days) was observed in 2014, which was also 

the coolest and wettest year on record during the study period (Table 3.2). This 

year was also the one with the highest net carbon uptake of all years (305 g C m
-2

 

yr
-1

, Table 3.4). A warm spring in 2015 advanced the SOS (Day 118), followed by 

one of the earliest EOG (Day 146), just behind the warm spring of 2012 (Day 

145). Therefore, the spring season was not unusually long, but it was the spring 

with the lowest net carbon uptake (4 g C m
-2

 season
-1

, Table 3.4). Both 2016 and 

2017 had similar starts to the growing season (SOS) and length of summer 

(LOCC), despite largely different meteorological conditions for most of the year 

(Figures 3.2e & 3.2f). Warmer spring time temperatures allowed leaf-out to 

complete sooner in 2016 compared to 2017, so EOG came a few days earlier, 

however both years experienced nearly identical starts of autumn (SOB, Table 3.1 

& Figure 3.2). Both of these years also experienced the latest EOS (Days 328 & 

318, respectively), ultimately promoted by above average October mean Ta 

(Figure 3.2). These two years experienced the highest net carbon losses in the 

autumn season (Table 3.4).  

In all years, with 2017 being the exception, the SOS began at the same 

time as a positive Ta anomaly, immediately following a negative Ta anomaly 
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(Figure 3.2). In the case of 2017, the SOS began during a prolonged period of 

unseasonably cold Ta (Figure 3.2f), likely highlighting physiological or 

photoperiod responses driving SOS outside of just responses due to temperature. 

The SOS of 2012 (Day 120) and 2015 (Day 118) began near the same time, but 

the winter and early spring conditions were largely different (Figure 3.2a & 3.2d). 

Furthermore, cold conditions in 2014 (Figure 3.2c) were similar to 2015 prior to 

SOS, but in these years the SOS differed by 9 days. The same could be said about 

autumn Ta, where late-growing season Ta anomalies often extended the EOS (i.e. 

2016 & 2017), though other years (2015) saw less of an impact of anomalous Ta 

on EOS timing. Lastly, significant decreases in θ during 2012 and 2016 (Figure 

3.1d), were driven by positive Ta anomalies occurring the majority of each year. 

To help quantify the relationship between Ta, cumulative growing degree 

days (GDD), and the number of cooling degree days (CDD), and the timing and 

duration of key phenological dates and periods, we plotted the various variables 

against each other (Figure 3.3). The timing of the SOS was compared to the mean 

Ta (Figure 3.3a) and cumulative GDD (Figure 3.3b), calculated using Ta data 

from day of year 117 to day of year 127 (which corresponded to the 6-yearm 

mean SOS ± standard deviation). Our results showed a strong correlation between 

SOS, Ta, and GDD (R
2
 = 0.95). A 0.6°C and 5.45 degree-day increase in mean Ta 

and cumulative GDD, respectively, led to an advancement of the SOS by 1 day. 

However, after the SOS and the initiation of leaf-out, it was the degree of cooling 

(CDD) that largely controlled the length of the spring shoulder season and 
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therefore also the timing of the EOG (Figure 3.3c). In this case, fewer cold days 

following SOS (2012) allowed trees to more quickly reach EOG (Figure 3.2a), 

shortening the length of the spring shoulder (25 days, Table 3.1). Increasing cold 

Ta anomalies by just 1.05 CDD following SOS, led to a 1-day prolongation of the 

spring shoulder period, delaying the timing of EOG and start of summer/peak 

uptake period (i.e. 2013: 39 day spring shoulder).  

Further, while the relationship between mean uptake Ta and LOCC length 

was strongly positive (see supplementary Table S3.1, R
2
 = 0.69), the influence of 

cool periods outside of the peak uptake period had a large control on LOCC 

length. Therefore, the Ta and GDD within a larger time period, from the mid of 

greenup (MOG) to the mid of browndown (MOB), was found to positively impact 

the overall length of summer (LOCC, Figure 3.3d & 3.3e). A mean Ta increase of 

0.13°C and 23.6 cumulative GDD during this period led to a 1-day prolonging of 

LOCC, highlighting that years with the warmest summers (2012 and 2016) had 

the longest LOCC (Table 3.1 & Table 3.2). Similarly, the initiation of autumn 

(SOB) at the end of the LOCC period was found to be highly negatively 

correlated to mean summer θ0-30cm (R
2
 = 0.87), where the years (2013 & 2015) 

with the highest summer θ0-30cm ultimately had the earliest SOB (Table 3.2, Table 

S3.1). Here it can be assumed that higher summer θ0-30cm would likely coincide 

with cooler conditions (i.e. low Ta, low PAR, high P etc.) supporting an earlier 

end to the LOCC. Once senescence (SOB) had begun, the length of autumn 

continued to be driven by Ta. The cumulative CDD between days 210 and 290, 
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following Hwang et al. (2014) and Oishi et al. (2018), was shown to have a large 

positive correlation (R
2
 = 0.93) with the end of the growing season (EOS, Figure 

3.3f). For this period, roughly from the peak of the growing season to the mid of 

browndown (August to October), every 5.18 cumulative CDD led to an 

advancement of the EOS by 1 day.  As such, late growing season warming (2016 

& 2017) was important in delaying the timing of senescence as these two years 

had the latest SOB and EOS (Table 3.1). Conversely, the years with the highest 

CDD in this time (2012 & 2014) had the earliest EOS and shortest autumn 

shoulder, highlighting the acceleration of senescence and the response to 

temperature and climate.  

 

3.4.2 Canopy Greenness from Digital Cameras in Relation to Phenology 

Capturing phenological transition dates with eddy covariance data can be 

logistically and financially challenging. Employing relatively simple and far more 

affordable digital cameras may be more practical and also useful in remote 

sensing applications. The PhenoCam installed on top of the scaffold tower in our 

forest tracks seasonal changes in the color of the forest canopy beneath. 

Generally, the timing and trends of daily GEPMax from the EC tower were 

captured by mean GCC indices derived from PhenoCam data (Figure 3.4a). In 

every year, a nearly constant baseline mean GCC value marked the non-growing 

season, when trees  in the forest remained leafless and photosynthesis (GEP) was 

not occurring (Figure 3.4a). Following the SOS and initiation of greenup in 
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spring, a rapid rise in GCC was seen, before reaching peak greenness, and 

gradually declining for the remainder of the summer. Following the beginning of 

browndown (senescence) in autumn, a similar decline in GCC was present, before 

reaching an annual minimum and returning to the non-growing season baseline 

values (Figure 3.4a).  

 The PhenoCam transition dates (Table 3.3) calculated from mean GCC, 

following Hufkens et al. (2018) and Richardson et al. (2018), were compared to 

phenology dates calculated from the eddy covariance (EC) data (Table 3.1). The 

PhenoCam 10% transition in spring GCC was able to effectively capture (R
2
 = 

0.73) the start of the EC defined growing season (SOS). In four of the six years, 

the 10% spring GCC transition was reached 8 to 9 days following the SOS 

calculated from EC-data. In 2016, it only took 5 days, while in 2012 the 10% 

transition was reached 2 days after the EC-derived SOS. While the PhenoCam 

was unable to capture the annual timing of peak photosynthesis (GEPMax) 

measured by the flux tower during the middle of summer, the camera could 

identify the timing of the day of the most rapid (maximum) increase in GEP (i.e. 

MOG) during spring (Figure 3.4b). We then considered the same for autumn, as 

senescence (browndown) should also be captured by the PhenoCam during the 

most rapid decrease in GEP (i.e. MOB data computed from EC-data). While the 

50% autumn GCC transition was closer to the actual date of the EC MOB in most 

years (Tables 3.1 & 3.3), we found that the 25% autumn GCC transition was 

highly correlated to MOB, except during 2016 (Figure 3.4c), a year with late 
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season warming extending the EOS (Figure 3.2e). Due to the unfortunate timing 

of PhenoCam GCC data-loss at our site during the autumn of 2016, it is possible 

the estimated GCC transition date could in fact be later, leading to a better fit. A 

brief regional comparison of mean GCC from PhenoCams within deciduous 

broadleaf forests across Wisconsin, Michigan, Pennsylvania, and Ontario, during 

the autumn of 2016, showed a consistent rise in GCC during the period of concern 

(Figure 3.4f). If data were available during that period for our site, it is possible 

the calculation of the timing of the transition dates could shift later, similar to the 

other warm autumn years, such at 2017 (Figure 3.4e). These results demonstrate 

that EC-based phenology dates appear to have the ability to be recorded by the 

timing of certain seasonal PhenoCam-based GCC phenology dates.  

 

3.4.3 Phenology Impact on Fluxes 

Total GEP, RE, and NEP sums within the spring shoulder, peak uptake, 

and autumn shoulder are shown in Table 3.4. The three years (2013, 2014, & 

2015) with the coldest early non-growing season mean Ta (Figure 3.2), began the 

year leading up to the SOS with the least carbon losses (i.e. lowest ecosystem 

respiration, RE), roughly 30 to 50 g C m
-2

 less than in the other years. Although 

these years ultimately experienced very different cumulative annual net carbon 

uptake (i.e. annual NEP values), in general, colder Ta resulted in higher seasonal 

NEP at the SOS (Table 3.4). The years with the latest SOS (2014, 2016, & 2017) 

had the longest summer periods (i.e. LOCC) and greatest annual photosynthetic 
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carbon uptake (GEP). However, following the SOS, GEP varied noticeably 

regardless of the spring shoulder length, due to the climate during that period (i.e. 

Ta, PAR, P). As Ta began to increase, an increased spring shoulder length led to 

greater RE losses between SOS and EOG. The peak summer/uptake total GEP 

was similar across all years (± 58 g C m
-2

), while RE varied much more (± 83 g C 

m
-2

), largely due to 2012. Extended heat and water stress conditions during the 

summer of 2012 greatly reduced RE, with extreme conditions leading to 

decreased θ0-30cm (Figure 3.1d), which in turn negatively affected soil carbon 

release through decomposition. This reduction in RE was beneficial to the forest 

in terms of NEP, as less RE during typical mid-summer water-stressed periods led 

to the second highest annual NEP (only behind 2014). In the autumn, RE was 

highest in the years with the longest autumn shoulders seasons and latest end of 

seasons (EOS). Near the EOS, decreased GEP following seasonal  limitations (i.e. 

PAR & photoperiod), and enhanced RE due to higher Ta and Ts, caused greater 

carbon losses (negative NEP) than the years with the earliest EOS (2012 and 

2014). Higher total NEP in both 2012 (292 g C m
-2

) and 2014 (305 g C m
-2

) was 

measured due to decreased RE, but for largely different reasons. With cooler Ta, 

low VPD, sufficient P and θ, and the most ‘normal’ (30-year mean) conditions at 

all times throughout the year (Figure 3.2; Table 3.2), NEP in 2014 was the highest 

of all the years despite the shortest growing season (i.e. latest SOS, earliest EOS, 

and shortest LOCC of all 6 years). Under future climate warming, our study 

region may experience warmer springs and autumns, which may effectively 
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prolong the growing season. If the prolonged growing season is due to an early 

spring, then deciduous forests in the area may benefit in terms of carbon uptake. 

However, if the prolonged growing season is due to a longer autumn, then the 

forests of the area may lose more carbon on an annual basis.  

 

3.4.4 Modeling Impacts of Changing Climate on Carbon Fluxes 

To further explore the effects of increasing temperatures on carbon, a constant 

increasing trend in Ta (and equivalent increase in Ts) was examined to examine 

the impact on carbon fluxes. Modelled annual sums of GEP, RE, and NEP were 

created for ten different scenarios with Ta varying by 0.1°C from -0.5°C to 0.5°C 

(Figure 3.5). A constant 1°C increase in Ta had very little effect (2.3 g C m
-2 

yr
-1

) 

on annual GEP (Figure 3.5a), but it had a modest effect (54.5 g C m
-2 

yr
-1

) on 

annual RE (Figure 3.5b), leading to an overall reduction of 52.2 g C m
-2 

yr
-1

 

(Figure 3.5c) in annual NEP. While the results are not realistic of an actual change 

in Ta, due to irregular deviations in Ta (similar to Figure 3.2), and secondary 

effects caused by increasing Ta (i.e. increasing VPD or decreasing θ; as occurred 

in 2012), they provide insight into the Ta controls on overall site productivity. 

Under future warming, given sufficient seasonal P and θ, increasing Ta could lead 

to decreased NEP through respirative losses exceeding photosynthetic gains. 
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3.5 Discussion 

3.5.1 Climate Driving Phenology 

The growing season of a deciduous forest is defined by the phenological dates: 

bud-burst (SOS) and full leaf-out (EOG) in the spring and start of senescence 

(SOB) and abscission (EOS) in the autumn. These events directly impact the 

overall longevity of canopy cover and summer season (LOCC), and affect the 

amount of light (PAR), energy, and water (P) the forest intercepts and ultimately 

forest-atmosphere interactions (Kramer et al., 2000; Morisette et al., 2009; 

Noormets, 2009). It is widely understood that annual leaf development is sensitive 

to changes in Ta (Polgar & Primack, 2011; Richardson et al., 2013). In spring, the 

SOS is driven by winter chilling requirements, and after a certain time, increasing 

Ta and increasing photoperiod in temperate deciduous forests (Korner & Basler, 

2010; Fu et al., 2014). These factors, along with there being a strong genetic 

control among different tree species for when bud-burst will begin, cause forests 

to work to maximize the trade-off between increased photosynthetic gains and the 

risk of damage due to late spring frosts (Sanz-Perez et al., 2009; Kramer et al., 

2010; Polgar & Primack, 2011). At our site, regardless of winter chilling and 

mean Ta prior to leaf-out, on average, the SOS began on Day 122 ± 5 days, with a 

maximum difference of 11 days between all years (Table 3.1). The SOS also 

occurred on similar day of year (122 ± 5 days) as the last day when daily mean Ta 

in the forest remained below the annual mean Ta (Table 3.2). Baldocchi et al. 

(2005) suggested that the probability of frost becomes low once the mean daily Ta 
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exceeds the annual mean Ta. At our site, the later SOS or slow development could 

be reflective of the tree species composition being dominated by oak species. 

Ring-porous species, such as oak, suffer more damage from winter freezing which 

often leads to a later SOS for those trees compared to the coexisting diffuse 

porous species, such as maple or birch (Barbaroux & Breda, 2002; Morecroft et 

al., 2003; Caffarra & Donnelly, 2011; Polgar & Primack, 2011).  

Once the growing season had begun, competing meteorological variables 

(i.e. PAR, Ta, P, etc.) shaped the spring shoulder length: i.e. the time between 

SOS and EOG. During this time, PAR continued to increase each day, so to no 

surprise, the years (2013, 2014, and 2017) with the longest spring shoulder season 

had the highest total PAR. However, years with the longest spring shoulder 

season also had the most total P and the most CDD days (Figure 3.3c) in that 

period (Table 3.2), suggesting that cool, wet days led to an extension of the spring 

shoulder season. This in turn influenced the timing of peak photosynthesis. For 

example, the two years with the latest SOS and the two longest springs (i.e. 2014 

& 2017), experienced shorter overall summer periods. In all years, the length of 

the spring season had a negative effect on the length of summer. Slow leaf 

development has been found in many Quercus species. In a mixed deciduous 

forest in Tennessee, it took Quercus alba leaves roughly 40 to 50 days to reach 

maximum photosynthetic capacity, others 60 to 80 days (Wilson et al., 2000; 

Morecroft et al., 2003). At our site, we saw a consistent average of 79 ± 3 days 

from the SOS to peak photosynthesis, with the timing of the peak varying by a 
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maximum of only nine days. Overall, the length of the phenologically defined 

summer and the timing of maximum photosynthetic capacity in summer appeared 

to be driven by Ta during the time from mid of greenup (MOG) to mid of 

browndown (MOB) (Figures 3.3d & 3.3e).  

After this time, a combination of unfavorable meteorological conditions 

(i.e. decreasing day length and/or decreasing Ta) controlled the onset and duration 

of senescence (Richardson et al., 2006; Vitasse et al., 2011; Travers & Eldridge, 

2013; Fu et al., 2014). Studies have shown that warming during the summer and 

autumn delays the timing of senescence, acting to postpone the end of the 

growing season (EOS) in forests (Ibanez et al., 2010; Gallinat et al., 2015; Liu et 

al., 2016; Fu et al., 2017). This was also the case in our study, where the two 

years with late season warming (Figure 3.2: 2016 & 2017) and lowest CDD 

(Figure 3.3f) experienced that latest EOS. The EOS for these two years (323 ± 7) 

was roughly 1 to 2 weeks later than for the other four years (309 ± 4). For the 

‘normal’ year of 2014, the EOS (Day 307) was earlier than all years, with the 

exception of year 2012. Our results support data on plant physiology, where 

Quercus species have been found to be flexible to Ta changes, and typically hold 

senescing leaves longer than other genera (Kuster et al., 2014; Gill et al., 2015). 

 

3.5.2 Comparison of PhenoCam derived Phenology Dates Flux-Derived Dates 

Photography derived indices such as the greenness chromatic coordinate (GCC) 

have been found to be closely related to photosynthesis (GEP) in deciduous 
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forests (Wingate et al., 2015). Recent scientific efforts (Hufkens et al., 2016; 

Bowling et al., 2018) have attempted to model the relationship between 

photosynthesis (GEP) and GCC to fill-in the gaps between automated satellite 

measurements and field based measurements (Misra et al., 2016; Matiu et al., 

2017). Our study expanded on this research by examining the seasonality of 

photosynthesis and GCC within the northernmost extent of temperate deciduous 

forests. In all years, fluctuations in both GEP and GCC were typical of deciduous 

forests, with low values in the inactive winter season, and high values during the 

photosynthetically active period (Toomey et al., 2015). 

In spring, there was very little difference between the SOS dates computed 

from EC-flux data (Table 3.1) and those from PhenoCam data (Table 3.3), 

varying on average by 0 ± 2 days. After the SOS, an abrupt increase in GCC took 

a consistent mean time of 29 ± 2 days to reach peak GCC. However, this spring 

peak in GCC occurred well before the summer peak in GEP (Figure S3.1). Past 

studies have found that maximum GCC within deciduous forests precede 

maximum GEP by several weeks to two months (Richardson et al., 2009a; 

Sonnentag et al., 2012). Our site was at the later end of that estimate, with a mean 

difference of 49 ± 2 days between peak GCC and peak GEP. While studies have 

concluded the limitations of using GCC as a predictor of GEP due to this 

difference in timing, we found the peak GCC to be positively correlated (R
2
 = 

0.94) to GEP on the day corresponding to mid greenup (MOG) computed from 

EC-data. Peak GCC in spring is a product of seasonal variations in foliage 
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pigments (Sims and Gamon, 2002). As a result, the quickest increase in 

photosynthetic greenup (MOG) was able to be accurately captured by the 

PhenoCam through peak GCC. Toomey et al. (2015) found similar results, 

concluding that strong correlations were found in the ‘middle of spring’ for GCC 

and GEP. Little to no relationship was seen between GEP and GCC throughout 

summer due to differences in timing and controls. Following the GCC peak in the 

spring, GCC gradually declined for the remainder of the summer at our site. GEP 

on the other hand, driven by variations in local meteorological (PAR, VPD, Ta, 

etc.), steadily increased before reaching a peak mid-July (Day 201 ± 5 days), and 

decreasing for the remainder of the year. These peak uptake meteorological 

controls had little impact on detectable canopy greenness (Toomey et al., 2015).  

Nearing the end of summer, senescence begins in deciduous forests, 

marking the end of the growing season, as forests progress towards the leafless 

winter period. Autumn phenology plays an important role in the annual 

biogeochemistry of temperate deciduous forests, yet this period remains relatively 

neglected in many phenological studies due to the complexity and nature of 

autumn climate and meteorological drivers (Richardson et al., 2010; Klosterman 

et al., 2014; Gallinat et al., 2015; Liu et al., 2016). Further, the definitions of 

autumn phenology timing vary from spring in that spring leaf-out is rapid and 

able to be observed, while senescence ranges from the first change in leaf color to 

the date of leaf abscission (Soolanayakanahally et al., 2013; Gallinat et al., 2015). 

 Using phenological dates derived from daily observed photosynthesis rates 
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(Table 3.1) we attempted to compare the autumn shoulder period to PhenoCam 

greenness (GCC). The average initiation of senescence (SOB) began in mid-

September (Day 255 ± 6) at our site, prior to the dramatic decrease in GCC. The 

magnitude of seasonal GCC varied from year to year, illustrating the impacts of 

meteorological conditions on both leaf color and leaf longevity (Richardson et al., 

2010; Archetti, et al., 2013). The two years (2016 & 2017) with the warmest 

autumn Ta experienced the latest SOB and the latest 50% autumn transition in 

GCC. These two years also saw decreased GCC at the start of senescence, unlike 

in other years, possibly due to the lowest observed deep soil moisture (i.e. θ100cm: 

0.04 & 0.05 m
3
 m

-3
 in 2016 & 2017, respectively). It has been suggested that 

years with low, deep θ experience sharp declines in GCC, primarily due to 

accelerated leaf aging (Hanan et al., 2002; Noormets et al., 2008). Even with 

accelerated aging and annual differences in the timing and duration of autumn 

phenology, both photosynthetic phenological dates and PhenoCam GCC derived 

dates were able to capture senescence. Past research found weak correlations 

between autumn GCC and GEP (Richardson et al., 2010; Toomey et al., 2015). 

We found the date of the 25% autumn transition in GCC to be positively 

correlated to MOB derived from GEP, illustrating that the most rapid decrease in 

photosynthesis was seen by GCC. Following MOB, 2016 and 2017 had the latest 

EOS and minimum GCC values, both marking a delay in leaf abscission and 

EOS. While an initial acceleration of leaf aging may have occurred at the start of 

senescence for these years, the prolonged GCC later into the season can be 
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attributed to a delay in leaf color from autumn warming (Gunderson et al., 2012; 

Archetti et al., 2013; Gallinat et al., 2015; Liu et al., 2016). Lastly, higher CDD 

values were shown to be a good indicator for EOS (Dragoni and Rahman, 2012), 

which we observed.  

 

3.5.3 Carbon Fluxes and Implications 

The timing of leaf-out (SOS) in the spring and the end of senescence (EOS) in 

autumn have been shown to alter ecosystem processes within deciduous forests, 

affecting the forest-atmosphere exchange of carbon dioxide and other greenhouse 

gases (Chapin et al., 2000; Noormets, 2009; Richardson et al., 2010). These 

phenological dates ultimately shape the annual carbon exchange, which may be 

impacted under future climates. Long-term data sets have shown increasing air 

temperatures are expected to lengthen growing seasons of temperate ecosystems 

within the northern hemisphere, leading to an earlier start in the spring and later 

end in autumn (White & Nemani, 2003; Richardson et al., 2010; Settele et al., 

2014; Duveneck & Thompson, 2017; Oishi et al., 2018). While warmer 

temperatures and longer growing seasons may benefit some ecosystems, we 

attempted to examine how a North American deciduous forest at the northern 

edge of the natural range would be impacted by increasing air temperatures.  

In the future, as mean winter Ta is expected to increase by 3 – 7°C in this 

area (USGCRP, 2017), greater RE losses can be expected, causing the forest to 

begin the SOS at lower cumulative NEP. It has been suggested that winter and 
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early spring warming may advance the SOS (Wolf et al., 2013; Jin et al., 2017; 

Oishi et al., 2018), although the response and extent of this advancement within 

our forest remains uncertain. In all years, even during the extremely anomalous 

spring Ta of 2012 (Figure 3.3a), the SOS only varied by 11 days (Table 3.1), 

suggesting Quercus tree trigger is based on photoperiod and Ta conditions only 

after a certain time of the year (Caffarra & Donnelly, 2011). However, studies 

suggest that the late budbreak and slow development of Quercus trees may give 

way to other species with minimal photoperiod and Ta requirements, allowing 

these species to increase in abundance, possibly becoming the dominant species 

over time (Morecroft et al., 2003; Morin et al., 2009; Polgar & Primack, 2011).  

 Even if SOS is advanced due to higher Ta, seasonal PAR will remain low 

in our area due to the latitude, limiting overall photosynthesis. In future climates, 

an increase in NEP is expected following the SOS due to greater rates of 

productivity as warmer Ta has a greater positive effect on photosynthesis in the 

spring versus autumn (Piao et al., 2008; Duveneck & Thompson, 2017; Oishi et 

al., 2018). Furthermore, while studies examining deciduous forest phenology have 

found that a positive spring Ta anomaly increases annual NEP, our results suggest 

differently. In our study, the year (2014) with the lowest spring Ta and latest SOS 

produced the highest annual NEP (305 g C m
-2

 yr
-1

), while the two years with the 

earliest SOS (2013 & 2015), had the lowest cumulative NEP of all years. 

Additionally, a number of past studies have shown that longer growing seasons 

lead to enhanced carbon uptake (Goulden et al., 1996; Desai, 2010; Dragoni et al., 
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2011). We found the most productive (highest NEP) years had the two shortest 

growing season lengths (i.e. 2012 & 2014). An extremely warm year 2012, with 

seasonal water deficits, led to decreases in both annual GEP and RE, which 

shortened the growing season length. The suppression of photosynthesis and 

respiration has been suggested to occur in deciduous forests during extreme years 

(Davidson et al., 1998; Palmroth et al., 2005; Novick et al., 2015). Conversely, in 

2014, the shortest and most productive year, cool and wet conditions dominated 

all year. The contrast in the two most productive years creates difficulty in 

predicting how changes in climate may affect fluxes, but growing season length 

and earlier SOS did not appear to have any positive influences on annual carbon 

exchange. In contrast, autumn may play a key role. Oishi et al. (2018) found that 

for an Appalachian deciduous forest in North Carolina, years with the lowest 

annual NEE showed the earliest declines in autumn GEPMax. We saw similar 

results at our site for 2013 (156 g C m
-2

 yr
-1

)
 
and 2015 (90 g C m

-2
 yr

-1
), the two 

years with the lowest total NEP. Both of these years had the earliest SOB dates 

(Day 249), marking the initiation of autumn senescence and the decline in 

GEPMax. These years had two of the longest autumn seasons, so while senescence 

had begun, late season warming prolonged the end of the growing season (EOS). 

In every case, years with longer autumn shoulder seasons and later EOS had 

increased net carbon loss (i.e. negative NEP in that period), while those with the 

shortest autumns and earliest EOS had increased net carbon uptake (i.e. positive 

NEP, seen in years 2012 & 2014). The autumn decline in NEP was the result of 
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RE increasing more strongly with Ta than photosynthesis, making the potential 

for carbon gain small (Kramer et al., 2000; Nemani et al., 2002; Dunn et al., 2007; 

Piao et al., 2008; Wu et al., 2013; Gallinat et al., 2015). 

 Similar to other studies, these results suggest that an earlier SOS would 

benefit forest productivity, as rising early season photosynthesis (GEP) would 

outweigh RE. The degree of SOS advancement remains uncertain due to the 

physiological constraints controlling the timing of budburst for Quercus species, 

the dominant tree species in the forest. During the growing season, less variation 

was seen in GEP as compared to RE on an annual basis, implying that increasing 

Ta would have little impact on overall growing season GEP. Conversely, 

increasing Ta will increase RE, although heat and drought stress (i.e. 2012) could 

suppress the RE losses. Late season warming was shown to prolong the growing 

season later into November, when GEP gains were diminished by reducing 

photoperiod and senescing leaves. RE during this time outweighed photosynthesis 

every year. Under continued warming expected in the future, less of a positive 

impact on overall forest carbon uptake may be seen due to earlier springs, when 

the forest would benefit from added days of photosynthesis. Instead, an extension 

of the growing season in autumn could be detrimental to carbon uptake, as RE 

losses during that time exceed the gains in GEP. However, during this study, 

despite the differences in the timing and duration of various phenological seasons, 

our forest study site remained an annual sink of carbon (200 ± 83 g C m
-2

), with 
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interannual variability (50 – 100 g C m
-2

) typical of other midlatitude deciduous 

forests (Yuan et al., 2009; Desai, 2010).   

 

3.6 Conclusions 

The influence of phenology on photosynthesis was studied for six years (2012 to 

2017) within a temperate deciduous forest in southeastern Canada. Seasonal air 

temperatures were shown to have a control on phenological dates during the 

spring, summer, and autumn. In the spring, warmer Ta advanced the growing 

season, while cooler conditions prolonged the period from the start of the growing 

season to peak summer uptake. After this time, the overall length of canopy 

closure and peak photosynthetically active period were further driven by Ta. In 

autumn, late season warming prolonged the growing season later into the year. In 

contrast to results of some past studies, we show that an earlier start to the 

growing season in spring, and the resulting extended growing season length, does 

not necessarily translate into increased annual carbon uptake by the forest.  The 

two years with the latest growing season starts and shortest growing season 

lengths were the largest annual sinks of carbon in our study.  We also found that 

the variability in autumn phenological dates was greater than that of spring dates.  

Prolonged autumns negatively impacted the overall annual carbon uptake of the 

forest, as the steady carbon emissions by ecosystem respiration outweighed the 

reducing carbon uptake by photosynthesis, when warm temperatures persisted and 

daylight length (photoperiod) shortened.  Our results suggest that if the growing 
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season extends and phenological transition dates shift, due to warming in the 

autumn shoulder season, this may negatively impact the overall annual carbon 

uptake of deciduous forests in eastern North America.  Finally, in our analysis we 

found that key phenological periods derived from eddy-covariance based flux 

measurements (i.e. mid of greenup & mid of browndown at the start and end of 

the growing season, respectively) were captured by changes in canopy greenness 

detected by digital cameras. These results could benefit future researchers, 

especially in remote sensing applications.  
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Table 3.1:  Annual calculated phenological dates, reported as day of year, from 

2012 to 2017, are shown in the upper portion of the table. Dates were calculated 

following Gonsamo et al. (2013) from eddy covariance (EC) measured GEPMax 

data. The six-year mean values and standard deviations are included in the final 

column. The resulting phenological periods and their duration in days are also 

shown, in the lower portion of the table. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Phenology Transition Dates 2012 2013 2014 2015 2016 2017 Mean 

Start of Season 

(SOS, bud-break) 
120 116 127 118 126 125 122 ± 5 

Mid of Greenup 

(MOG, fastest green-up) 
136 141 148 136 144 147 142 ± 5 

End of Greenup 

(EOG, end of leaf-out) 
145 155 160 146 154 159 153 ± 6 

Start of Browndown 

(SOB, start of senescence) 
257 249 255 249 262 261 255 ± 6 

Mid of Browndown 

(MOB, fastest senescence) 
275 273 274 271 286 282 277 ± 6 

End of Season (EOS) 306 314 307 309 328 318 314 ± 8 

Phenologically-Defined Seasons 2012 2013 2014 2015 2016 2017 Mean 

Spring 

(EOG – SOS) 
25 39 34 28 28 34 31 ± 5 

Summer (SOB – EOG) 

(LOCC, Length of Canopy Closure) 
112 94 95 103 107 102 102 ± 7 

Autumn (EOS – SOB) 49 65 52 61 67 57 58 ± 7 

Length of Growing Season (LOS) 186 198 180 191 202 193 192 ± 8 
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Table 3.2: Seasonal and annual means and totals of key site meteorological 

parameters from 2012 to 2017, summarized by phenologically defined seasons 

(see Table 3.1 for more details).  The six year mean values, standard deviations, 

and the day of year when daily mean Ta at the start of the growing season 

exceeded the annual mean Ta are also included. Values in parentheses represent 

the 30-year Environment Canada (Delhi, Ontario, weather station) mean Ta and 

annual P.   

 

 
Time Period 2012 2013 2014 2015 2016 2017 Mean 

P
A

R
 S

u
m

 

(µ
m

o
l 

m
-2

) Spring (SOS to EOG) 1077 1541 1291 1091 1148 1289 1240 ± 175 

Summer (EOG to SOB) 4442 3402 3506 3911 4287 3783 3889 ± 415 

Autumn (SOB to EOS) 898 1246 1046 1324 1188 1056 1127 ± 155 

Annual 9071 8408 8845 8994 9088 8530 8823 ± 290 

T
a
 M

ea
n

 (
o
C

) DOY daily Ta < annual Ta 121 116 125 118 124 130 122 ± 5 

Spring (SOS to EOG) 16.6 15.1 16.1 15.1 15.6 14.0 15.4 ± 0.9 

Summer (EOG to SOB) 22.8 20.3 20.2 20.1 21.8 20.3 20.9 ± 1.1 

Autumn (SOB to EOS) 12.4 12.9 12.5 14.7 12.4 13.6 13.1 ± 0.9 

Annual 11.8 9.2 8.0 9.2 10.6 10.0 
9.8 ± 1.3 
(8.0 ± 1.6) 

V
P

D
 M

ea
n

 

(k
P

a
) 

Spring (SOS to EOG) 0.93 0.66 0.59 0.61 0.71 0.51 0.67 ± 0.15 

Summer (EOG to SOB) 1.00 0.53 0.53 0.55 0.72 0.57 0.65 ± 0.19 

Autumn (SOB to EOS) 0.41 0.34 0.34 0.43 0.35 0.41 0.38 ± 0.04 

Annual 0.57 0.35 0.33 0.35 0.42 0.36 0.40 ± 0.09 

θ
0

-3
0

c
m

  
  

  
  

  
 

(m
3
 m

-3
) Spring (SOS to EOG) 0.12 0.10 0.12 0.11 0.10 0.12 0.11 ± 0.15 

Summer (EOG to SOB) 0.06 0.10 0.09 0.10 0.04 0.07 0.08 ± 0.19 

Autumn (SOB to EOS) 0.10 0.11 0.12 0.08 0.09 0.09 0.10 ± 0.04 

Annual 0.10 0.11 0.11 0.10 0.10 0.10 0.10 ± 0.09 

θ
1

0
0

c
m

  
  

  
  
  
  

(m
3
 m

-3
) Spring (SOS to EOG) 0.09 0.10 0.11 0.10 0.09 0.11 0.10 ± 0.01 

Summer (EOG to SOB) 0.06 0.08 0.08 0.07 0.04 0.05 0.06 ± 0.02 

Autumn (SOB to EOS) 0.09 0.06 0.10 0.04 0.08 0.07 0.07 ± 0.02 

Annual 0.09 0.09 0.10 0.08 0.08 0.09 0.09 ± 0.01 

P
 S

u
m

 (
m

m
) Spring (SOS to EOG) 37 123 93 28 19 71 62 ± 41 

Summer (EOG to SOB) 234 263 357 262 217 148 247 ± 69 

Autumn (SOB to EOS) 224 213 176 160 225 200 200 ± 27 

Annual 801 954 991 750 908 795 
866 ± 98 

(997) 
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Table 3.3: Mean greenness chromatic coordinate (GCC) dates (day of year) from 

2012 to 2017, calculated from annual GCC transition thresholds (10%, 25%, and 

50%) from the site’s digital camera (PhenoCam), installed at 36 m height. Also 

included are the timing of seasonal smoothed GCC maximum (spring peak) and 

minimum (autumn EOS) dates. 
 

Greenness Transition Dates 2012 2013 2014 2015 2016 2017 

Spring Transition 10% 122 124 136 127 131 133 

Spring Transition 25% 125 128 142 130 138 136 

Spring Transition 50% 131 135 146 134 144 140 

GCCSmooth Maximum 147 149 156 148 154 155 

         

Autumn Transition 50% 275 274 279 276 281 288 

Autumn Transition 25% 286 284 286 282 288 295 

Autumn Transition 10% 289 287 289 286 291 -- 

GCCSmooth Minimum (EOS) 298 309 303 300 309 316 
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Table 3.4: Seasonal and annual sums of eddy covariance (EC) flux measurements 

from 2012 to 2017, calculated using the timing of key phenological dates included 

in Table 3.1. The six-year mean and standard deviations are also included. 

  

 

 

 

 

 

 

 

 

 
Season 2012 2013 2014 2015 2016 2017 Mean 

G
E

P
 S

u
m

 

Jan 1 to SOS -- -- -- -- -- -- -- 

Spring (SOS to EOG) 104 197 165 117 129 174 148 ± 36 

Summer (EOG to SOB) 942 949 1023 1006 1084 1070 1012 ± 59 

Autumn (SOB to EOS) 147 239 200 240 219 213 210 ± 34 

EOS to Dec 31 -- -- -- -- -- -- -- 

Annual 1198 1369 1382 1347 1420 1447 1360 ± 87 

R
E

 S
u

m
 

Jan 1 to SOS 167 107 129 109 163 170 141 ± 30 

Spring (SOS to EOG) 78 151 133 109 109 144 121 ± 27 

Summer (EOG to SOB) 500 672 581 714 684 700 642 ± 84 

Autumn (SOB to EOS) 138 269 196 259 266 252 230 ± 52 

EOS to Dec 31 82 64 84 110 55 65 77 ± 20 

Annual 954 1250 1110 1283 1260 1317 1196 ± 138 

N
E

P
 S

u
m

 

Jan 1 to SOS -117 -79 -88 -82 -129 -130 -104 ± 24 

Spring (SOS to EOG) 25 45 30 4 18 29 25 ± 14 

Summer (EOG to SOB) 442 276 441 288 398 371 369 ± 73 

Autumn (SOB to EOS) 16 -26 4 -18 -46 -37 -18 ± 24 

EOS to Dec 31 -68 -56 -79 -103 -51 -58 -69 ± 19 

Annual 292 156 305 90 185 169 200 ± 83 
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Figure 3.1: Daily time series from 2012 to 2017 of (a) total photosynthetically 

active radiation (PAR, mol m
-2

), (b) mean air temperature (Ta, °C), (c) vapor 

pressure deficit (VPD, kPa), and volumetric water content (θ, m
3
 m

-3
) at 0-30 cm 

and 1 m depths, and total precipitation (P, mm). Annual mean Ta and annual total 

P are also included for each year, with 8.0°C and 997 mm corresponding to the 

30-year (1981 – 2010) Environment Canada Delhi CDA weather station (located 

25 km north of sites) mean annual Ta and P, respectively. 
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Figure 3.2: Bar plots of the anomalies of daily mean air temperature (Ta, °C) 

within the forest compared to the 30-year Environment Canada mean Ta (left 

axis), and daily precipitation (P, mm) on the right axis, from 2012 to 2017 (a – f). 

Grey shade about the 30-year mean-curve represents the range of 30-year mean 

Ta (thin line).  The bold black lines represent the measured forest Ta, used for the 

calculation of the bars. Vertical green and brown shaded regions cover the annual 

ranges of dates from SOS to EOG and SOB to the EOS, respectively (Table 3.1). 
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Figure 3.3: Correlations between key environmental drivers and phenological 

dates and phenological periods: a) seasonal mean air temperature (Ta) and start of 

growing season (SOS); b) cummulative seasonal growing degree days (GDD) and 

SOS; c) cooling degree days (CDD) and length of the phenological spring season; 

d) seasonal mean Ta and the length of canopy closure (LOCC) or phenological 

summer season; e) GDD and LOCC; and (f) CDD and end of the growing season 

(EOS). Linear fit equations, R
2
, and RMSE included for each correlation. 
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1
2
1
 

 
Figure 3.4: (a) Annual time series of mean greenness chromatic coordinate (GCC) and smoothed GCC derived from 

the PhenoCam installed at 36 m height. Vertical lines represent the dates of the 10% spring GCC transition, maximum 

GCC, 25% autumn GCC transition, and minimum GCC, respectively (Table 3.3). Dark grey shading illustrates the 

spring and autumn seasons derived from EC-data, while light grey in between represents summer. Also shown are the 

annual relationships between (b) peak GCC and mid of greenup (MOG), and the (c) GCC 25% autumn transition date 

and mid of browndown (MOB). For the 25% autumn GCC transition dates and MOB, 2016 was removed (d), and (e) 

estimated using (f) mean autumn GCC data from regional PhenoCams at deciduous forests in nearby study sites.  
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Figure 3.5: Annual total (a) gross ecosystem productivity (GEP), (b) ecosystem 

respiration (RE), and (c) net ecosystem productivity (NEP) using modified 

(increasing & decreasing) mean daily air temperature (Ta). The range of ΔTa 

chosen represents an effective 1°C increase in Ta.  
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Table S3.1: R
2
 and root mean square errors (RMSE, in parentheses) of linear 

regressions between seasonal meteorological variables (PAR, Ta, VPD, θ0-30cm, P, 

GDD, and CDD) and EC-derived phenological dates for the spring, summer and 

autumn seasons from 2012-2017, highlighting the variables driving phenology.  

 

 
Start of  

Season 

Spring  

Length 

End of 

Greenup 

Summer  

Length 

Start of 

Browndown 

Autumn  

Length 

End of 

Season 
        

        

Spring PAR 

0.04  

(191) 

0.94  

(48.0) 

0.40 

 (152) 

0.69  

(110) 

0.10 

 (185) 

0.10  

(186) 

0.01 

 (195) 

Spring Ta 

0.00  

(1.00) 

0.25  

(0.87) 

0.17  

(0.92) 

0.12  

(0.94) 

0.00  

(1.00) 

0.20  

(0.90) 

0.16  

(0.92) 

Spring VPD 

0.08 

 (0.16) 

0.37  

(0.13) 

0.47  

(0.12) 

0.45  

(0.12) 

0.00 

 (0.16) 

0.08  

(0.15) 

0.04 

 (0.16) 

Spring θ0-30cm 

0.15 

 (0.01) 

0.03  

(0.01) 

0.01 

 (0.01) 

0.03 

 (0.01) 

0.08 

 (0.01) 

0.79  

(0.00) 

0.29 

 (0.01) 

Spring P 

0.03 

 (44.9) 

0.87  

(16.7) 

0.37 

 (36.4) 

0.73 

 (23.9) 

0.16 

 (41.9) 

0.00  

(45.7) 

0.06 

 (44.3) 

Spring GDD 

0.04 

 (35.5) 

0.54  

(24.6) 

0.18  

(32.9) 

0.56 

 (24.1) 

0.21 

(32.2) 

0.00  

(36.2) 

0.06 

 (35.1) 

Spring CDD 

0.21  

(4.28) 

0.21  

(4.27) 

0.45 

 (3.58) 

0.21 

 (4.27) 

0.02  

(4.75) 

0.22  

(4.25) 

0.07 

 (4.64) 

Summer PAR 

0.02  

(441) 

0.86 

 (165) 

0.41 

 (343) 

0.95 

 (104) 

0.26 

 (383) 

0.02  

(441) 

0.04 

 (436) 

Summer Ta 

0.00  

(1.24) 

0.50  

(0.88) 

0.26 

 (1.07) 

0.69 

 (0.69) 

0.21 

 (1.10) 

0.08 

 (1.19) 

0.00 

 (1.24) 

Summer VPD 

0.00 

 (0.21) 

0.54 

 (0.14) 

0.36 

 (0.17) 

0.73  

(0.11) 

0.15 

 (0.19) 

0.19 

 (0.19) 

0.01 

 (0.21) 

Summer θ0-30cm 

0.31 

 (0.02) 

0.29 

 (0.02) 

0.00 

 (0.02) 

0.51 

 (0.02) 

0.81  

(0.01) 

0.00  

(0.02) 

0.38 

 (0.02) 

Summer P 

0.00 

 (76.5) 

0.02  

(75.6) 

0.01 

 (76.3) 

0.24 

 (66.8) 

0.27  

(65.6) 

0.05 

 (74.6) 

0.29 

 (64.6) 

Summer GDD 

0.00 

 (210) 

0.67 

 (121) 

0.37 

 (167) 

0.87 

 (74.3) 

0.23 

 (184) 

0.08 

 (202) 

0.01 

 (209) 

Summer CDD 

0.00 

 (111) 

0.51  

(78.2) 

0.33 

 (91.3) 

0.74 

 (57.2) 

0.18 

 (101) 

0.09 

 (106) 

0.00  

(111) 

Autumn PAR 

0.16 

 (160) 

0.07 

 (168) 

0.00 

 (174) 

0.16 

 (159) 

0.29 

 (147) 

0.68 

 (98) 

0.09  

(166) 

Autumn Ta 

0.15  

(0.94) 

0.00  

(1.02) 

0.07 

 (0.98) 

0.00 

 (1.02) 

0.20 

 (0.92) 

0.04 

 (1.00) 

0.02  

(1.01) 

Autumn VPD 

0.09  

(0.04) 

0.29 

 (0.04) 

0.39 

 (0.03) 

0.31 

 (0.04) 

0.00 

 (0.04) 

0.11  

(0.04) 

0.11  

(0.04) 

Autumn θ0-30cm 

0.02 

 (0.02) 

0.32  

(0.02) 

0.27 

 (0.02) 

0.38 

 (0.01) 

0.03  

(0.02) 

0.05  

(0.02) 

0.07  

(0.02) 

Autumn P 

0.00  

(29.7) 

0.01  

(29.6) 

0.01 

 (29.7) 

0.18  

(26.9) 

0.27 

 (25.5) 

0.02  

(29.4) 

0.23  

(26.1) 

Autumn GDD 

0.07 

 (72.2) 

0.07 

 (72.1) 

0.00 

 (74.6) 

0.04 

 (73.2) 

0.03 

 (73.7) 

0.49  

(53.4) 

0.21  

(66.7) 

Autumn CDD 

0.02 

 (15.9) 

0.02 

 (15.8) 

0.00  

(16.0) 

0.00 

 (16.0) 

0.00 

 (16.0) 

0.00 

 (16.0) 

0.10 

 (15.1) 
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Figure S3.1: The seasonal course of gross ecosystem productivity (GEP), and phenological dates (vertical lines) found 

in Table 3.1, defined by the maxima and minima of the first (f’(x)), second (f’’(x)), and third (f’’’(x)) derivatives (right) 

of the fitted logistic curve. Dark grey shading represents the shoulder seasons (i.e. spring and autumn), while the lighter 

grey shading represents the summer (peak uptake) period.  
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CHAPTER 4: 

RESPONSE OF CARBON AND WATER FLUXES TO 

ENVIRONMENTAL VARIABILITY IN TWO EASTERN NORTH 

AMERICAN FORESTS OF SIMILAR-AGE BUT CONTRASTING LEAF-

RETNETION AND SHAPE STRATEGIES 

 

4.1 Abstract 

The annual carbon and water dynamics of two Eastern North American forests 

were compared over a six year period from 2012 to 2017. The geographic 

location, forest age, soil, and climate were similar between the sites, however, the 

species composition varied: one was a broadleaf deciduous forest, while the other 

an evergreen needleleaf forest. During the 6-year study period, the mean annual 

net ecosystem productivity (NEP) of the coniferous forest was slightly higher and 

more variable (218 ± 109 g C m
-2

 yr
-1

) compared to that of the deciduous 

broadleaf forest NEP of 200 ± 83 g C m
-2

 yr
-1

. Similarly, the mean annual 

evapotranspiration (ET) of the conifer forest over the 6-year study period was 

higher (442 ± 33 mm yr
-1

) compared to that of the broadleaf forest (388 ± 34 mm 

yr
-1

), but with similar interannual variability. Significant disagreements in fluxes 

were measured between sites during drought years. Summer meteorology greatly 

impacted fluxes at both sites, but to varying degrees and with varying responses. 

In general, warm temperatures caused higher ecosystem respiration (RE), 

resulting in reduced mean annual NEP values – an impact that was more 
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pronounced at the broadleaf deciduous forest compared to the evergreen needle-

leaf forest. However, during drought years, the evergreen forest saw greater 

annual reduction in carbon sequestration compared to the deciduous forest. In the 

evergreen conifer forest, variability of summer meteorology greatly controlled the 

forest’s annual carbon sink-source strength. Annual ET at both forests was driven 

by changes in air temperature (Ta), with the largest annual ET measured in the 

warmest years in the deciduous forest. Additionally, prolonged dry periods with 

increased Ta, greatly reduced ET. During drought years, the carbon and water 

fluxes of the deciduous forest were less sensitive to changes in temperature or 

water availability compared to the evergreen forest. If longer periods of increased 

temperatures and larger precipitation variability during summer months are to be 

expected under future climates, our findings suggest the carbon sink capacity of 

the deciduous forest will continue, while that of the conifer forest remains 

uncertain in the study region.  

 

4.2 Introduction 

Temperate forests play a significant role in the global carbon and water cycles, 

through their photosynthetic absorption of CO2 emissions, and through their 

evapotranspiration (ET) processes (Huntington, 2006; Houghton et al., 2007). In 

Eastern North America, temperate forests are significant for future climate 

mitigation strategies, as they are impacted by warming and disturbance events 

(Bonan, 2008; Cubasch et al., 2013; Weed et al., 2013). These areas were a large 
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source of carbon, due to land clearing for agricultural purposes, at the start of the 

20
th

 century (Bonan, 2008; Richart & Hewitt, 2008). With the rise of industrial 

development and movement of agriculture into western states, many of these 

agricultural areas were abandoned and reforested through natural regrowth and 

afforestation practices (Canadell & Raupach, 2008). Within the mixed wood 

plains ecozone in the Great Lakes region of Canada and the USA, much of the 

current forested area is comprised of plantation or managed forests in different 

stages of growth (Wiken et al., 2011).  

Recent increases in extreme weather, such as drought and heat stress, or 

the absence of winter snow or freezing events, may directly impact the abilities of 

forests to sequester carbon, adversely impacting regional forest-atmosphere 

interactions (Allen et al., 2010; Teskey et al., 2015). Furthermore, forests have the 

ability to dampen or deepen the effects of warming, acting as climate feedback 

systems (Bonan, 2008). With continued extreme weather and insufficient water 

availability, due to more frequent intermittent drought events, carbon assimilation 

and ET in forests could be hindered, leading to positive feedbacks of continued 

warming and decreased water availability (Bréda et al., 2006; Choat et al., 2012; 

Wu et al., 2013). Given the uncertainty of the duration and timing of future 

extreme weather events, it is necessary to further improve our understanding of 

the controls and limitations of carbon and water cycles under changing climates.  

 The result of a shifting climate may lead to different impacts on deciduous 

broadleaf and evergreen needleleaf ecosystems, as regions once dominated by 
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needle-leaved conifers may yield way to more deciduous broad-leaved species 

(Givnish, 2002; Bonan 2008). Such a shift could disturb carbon and water cycles, 

as deciduous broadleaf forests typically experience higher rates of photosynthesis 

when compared to evergreen conifers. Some deciduous forests have also been 

shown to reduce transpiration and ecosystem respiration during drought events 

(Givnish, 2002; Cias et al., 2005). Conversely, evergreen conifer forests routinely 

experience a longer photosynthetic season than deciduous forests, albeit at lower 

rates (Barr et al., 2002). Even for climatically and geographically similar forests, 

differences in the timing of photosynthesis and respiration would lead to 

asymmetries in the partitioning of the resulting fluxes, as well as overall forest 

productivity and longevity. 

While many studies have examined the annual carbon and water fluxes 

within specific land use and forest types, to date, only a handful of studies have 

compared these fluxes among similar-age deciduous broadleaf and evergreen 

coniferous forest stands growing in close proximity, in similar climatic and 

edaphic conditions (Gaumont-Guay et al., 2009; Baldocchi et al., 2010; Novick et 

al., 2015; Wagle et al., 2016). Even fewer studies have the ability to conduct such 

research over sufficiently long time scales (multiple years). Such a study would 

help to evaluate how differing forest types will respond to meteorological forcings 

annually and interannually, helping to investigate the long-term impacts on 

carbon and water exchanges (Granier et al., 2007; Novick et al., 2015). In order to 

understand the benefits of deciduous broadleaf and evergreen coniferous forests to 
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terrestrial-atmosphere gas exchange and identify the factors driving that 

exchange, long-term comparison studies are needed.  

The Turkey Point Observatory in southern Ontario, Canada is located near 

Lake Erie Lowlands at the northernmost extent of temperate deciduous forests in 

Eastern North America, just south of the Great Lakes – St. Lawrence forest 

ecotone (Liu, 1990). Forests in the area contain numerous North American 

temperate species (e.g. white oak [Quercus Alba], red maple [Acer Rubrum], 

eastern white pine [Pinus Strobus L.], and red pine [Pinus Resinosa]), many at the 

northern extent of their natural climatic ranges (Richart & Hewitt, 2008; Froelich 

et al., 2015). Four sites make up the Observatory, three white pine plantation 

forests of various ages and a mixed-wood broadleaf deciduous forest.  

Previous carbon and water studies conducted within the conifer forests of 

the Turkey Point Observatory have been reported in literature (i.e. Arain & 

Restrepo-Coupe, 2005; Peichl & Arain, 2007; McLaren et al., 2008; Peichl et al., 

2010a; MacKay et al., 2012; Skubel et al., 2015; Chan et al., 2018). Other studies 

have written about variability in carbon and water fluxes of the broadleaf 

deciduous forest (Beamesderfer et al., 2019). This study examines the carbon and 

water exchanges between two forests of similar ages within the Turkey Point 

Observatory: the 80-year old (as of 2019) managed white pine plantation, and the 

naturally regenerated, mixed-wood, white oak-dominated forest that is roughly 

90-years old. The objectives of this study are to: (1) examine seasonal and 

interannual dynamics of carbon and water exchanges in the two forests growing 
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under similar climatic and edaphic conditions, but of differing tree species 

composition, (2) compare controls on overall forest productivity between the two 

forests, and (3) identify the responses of the forests to meteorological events 

during extreme years (heat and drought). Six years of data, collected congruently 

at the two sites, from 2012 through 2017, will be used in this study.  

 

4.3 Methods 

4.3.1 Study Sites 

The two forests are located within 20 km of each other, situated on the northern 

edge of Lake Erie, near St. Williams in Norfolk County, Ontario, Canada (Table 

4.1). Monoculture pine plantations and mixed-wood deciduous forests cover only 

a small fraction of the agriculturally dominated landscape of southern Ontario. 

The deciduous broadleaf forest (from here on abbreviated and referred to as, 

Turkey Point Deciduous, TPD) was naturally regenerated in the early 1900s from 

abandoned agricultural land-use on natural sandy terrain. The forest is classified 

as an uneven aged (70 – 110 years-old with a mean age of roughly 90-years) oak-

dominated forest. The stand is dominated by white oak (Quercus Alba), with 

secondary hardwood species including: red maple (Acer Rubrum), sugar maple 

(Acer Saccharum), black oak (Quercus Velutina), red oak (Quercus Rubra), white 

ash (Fraxinus Americana), yellow birch (Betula alleghaniensis), and American 

beech (Fagus Grandifolia). Conifer species make up a minor component (~5%) of 

the total tree population (Kula, 2014). The understory is made up of young 
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deciduous trees as well as Canadian mayflower (Maianthemum canadense), putty 

root (Aplectrum hymale), yellow mandarin (Disporum lanuginosum), red trillium 

(Trillium erectum), and horsetail (Equistum). 

The white pine plantation in this study, referred to as Turkey Point 39 

(TP39 from here on), was planted in 1939 on cleared oak-savanna lands. The 

dominant tree species in the 80-year old (as of 2019) site are white pine (Pinus 

Strobus L.) and balsam fir (Abies balsamifera L. Mill), making up 82% and 11% 

of the tree population, respectively. The remaining 7% of trees are typical native 

eastern North American forest species, which include: white oak, black oak, red 

maple, wild black cherry (Prunus serotina Ehrh.) and white birch (Betula 

papyrifera). The understory consists of young white pines, oak, balsam fir, and 

black cherry trees, as well as other ground vegetation, including: bracken fern 

(Pteridium aquilinum), blackberry (Rubus spp.), poison ivy (Rhus radicans), moss 

(Polytrichum spp.), and Canada Mayflower. The conifer forest has been managed 

on two occasions in the past (i.e. 1983 & 2012). In the early winter of 2012, the 

stand was thinned by harvesting one third of the trees, which reduced the stand 

density (Table 4.1). We acknowledge this disturbance at the beginning of our 

comparison period at the conifer site, though the objectives of this study were not 

to examine the impacts of this disturbance.  

The two forests differ in vegetation cover and canopy structure, but 

experience nearly identical edaphic and climatic conditions. Both sites are located 

within the Southern Norfolk Sand Plains, historically defined by coarse-grained, 
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sandy deposits from glacial melt water (Richart and Hewitt, 2008). The soils at 

each forest are predominantly sandy (greater than 90% sand), classified by the 

Canadian Soil Classification Scheme as Brunisolic grey-brown luvisol (Present & 

Acton, 1984). They are both well-drained with a low-to-moderate water holding 

capacity (McLaren et al., 2008). Further soil and site details can be found in Arain 

& Restrepo-Coupe (2005), Peichl et al. (2010a), and Beamesderfer et al. (2019a). 

The climate of the region is humid temperate with warm, humid summers and 

cool winters. The moderating effect of Lake Erie helps to control cold winter 

temperatures. The 30-year (from 1981 to 2010) mean annual air temperature and 

total precipitation measured at the Environment Canada Delhi CDA weather 

station (25 km north of sites) were 8.0°C and 997 mm, respectively. Total 

precipitation is normally evenly distributed throughout the year, with 13% of that 

falling as snow (Environment and Climate Change Canada). The data presented 

from these forest sites are readily available following the global FluxNet and 

AmeriFlux initiatives, known as CA-TPD (TPD) and CA-TP4 (TP39).  

 

4.3.2 Eddy Covariance and Meteorological Measurements 

Half-hourly fluxes of momentum, energy, water vapor, and CO2 (Fc) have been 

measured continuously at TP39 and TPD using closed-path eddy covariance (EC) 

systems since 2003 and 2012, respectively. This study examines the first 6 years 

(2012 to 2017) of recorded data at the deciduous forest, and the corresponding 

period for the conifer forest, though measurements at both sites are still ongoing 
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today. The closed-path EC systems consist of a 3D sonic anemometer (CSAT3, 

Campbell Scientific Inc.) and an infrared gas analyzer (IRGA); an LI-7000 (LI-

COR Inc.) at TP39 and an LI-7200 (LI-COR Inc.) at TPD. The specific details of 

the two EC systems are outlined in the supplementary Table S4.1.  At both sites, 

IRGAs are calibrated monthly using high purity N2 gas for the zero offset, and 

Environment Canada Greenhouse gas specified CO2 gas for the CO2 span.  

 The CO2 storage (SCO2) in the air column below the EC sensors is 

calculated by vertically integrating the half-hourly difference in CO2 

concentrations. This calculation is completed for both the canopy and mid-canopy 

gas analyzers (Table S4.1).  Half-hourly net ecosystem exchange (NEE, µmol m
-2

 

s
-1

) is calculated as the sum of the vertical CO2 flux (Fc), and the rate of CO2 

storage (SCO2) change in the air column below each IRGA (NEE = Fc + SCO2). 

Horizontal and vertical advections were assumed to average to zero over long 

periods and were not considered. Half-hourly net ecosystem productivity (NEP) 

was calculated as the opposite of NEE (NEP = -NEE), where positive NEP (-

NEE) indicates net carbon uptake by the forest (sink), and negative NEP (+NEE) 

is carbon loss from the forest to the atmosphere (source). 

 Meteorological measurements have been conducted alongside EC 

measurements during the entire measurement period at both sites. Air temperature 

(Ta), relative humidity (RH), wind speed and direction, downward and upward 

photosynthetically active radiation (PAR), and the four-components of radiation 

(Rn) are measured at the specified EC sampling heights for both sites (Table 
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S4.1). Soil temperature (Ts) and soil water content (θ) are measured at 2, 5, 10, 

20, 50, and 100 cm depths in two soil pit locations at both sites. At TPD, 

precipitation (P) is measured in a small forest opening, 350 m southwest of the 

tower. Precipitation data are cross-checked and gapfilled from data collected by 

the Environment Canada Delhi CDA weather station as well as from an 

accumulation rain gauge (GEONOR), installed 1 km south of TP39. This analysis 

will focus on P data from the accumulation rain gauge. Lastly, all meteorological, 

soil, and P data were recorded using data loggers with automated data downloads 

occurring every half hour on desktop computers located at the base of the scaffold 

walk-up towers located at each site. 

Following an AmeriFlux visit to TP39 for an instrument and data 

comparison (in 2019; post-processing), the downward PAR sensor at that site was 

found to be identical to the AmeriFlux measurements. Consequently, downward 

PAR at TPD was thus underestimating (likely due to sensor differences [i.e. PAR-

Lite vs PQSI] and their coefficients) actual PAR values, leading to a correction 

factor of 1.22 (slope between sites) being applied to daily data for each year.  

 

4.3.3 Eddy Covariance Data Processing 

All meteorological and flux data were quality controlled, filtered, and cleaned 

(threshold and point cleaning) on lab-developed software following the FluxNet 

Canada Research Network (FCRN) guidelines (Brodeur, 2014). Data was 

frequently cross-checked with the AmeriFlux Network, before submission to 
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publicly available datasets. Outliers in the data were identified and removed, 

while missing data was gapfilled. Small gaps in the data (hours) due to instrument 

malfunctions, power failures, or instrument calibration, were filled by linear 

interpolation, while larger gaps (hours to days) were filled using linear regression-

model fitted values from other Turkey Point Observatory sites. Overall, the mean 

flux recovery was 91% (from 83% to 94%) at TPD and 88% (from 79% to 94%) 

at TP39 over the 6-years of data collection. The data initially recovered and 

quality controlled was then subject to footprint threshold and friction velocity (u*) 

threshold (u
*Th

) passing methods. For every half-hourly measurement, a footprint 

model (Kljun et al., 2004) was applied to exclude fluxes when greater than 10% 

of the flux footprint extended outside of the defined forest boundary (Brodeur, 

2014).  Following the footprint passing method, the remaining flux data recovery 

was 59% (from 54% to 64%) at TPD and 72% (from 67% to 77%) at TP39. 

Moreover, during periods of low turbulence, EC systems often underestimate 

fluxes.  As a result, inaccurate measurements captured during periods of low 

turbulence were removed when measured u* was below thresholds estimated 

using a u
*Th

 Moving Point Test determination method (Reichstein et al., 2005; 

Papale et al., 2006; Barr et al., 2013). A mean, site specific, u
*Th 

of 0.40 m s
-1 

(TPD) and 0.49 m s
-1 

(TP39) was calculated, where daytime and nighttime NEE 

values with u* below this threshold were removed. These data were filled using 

exponential relationships between sufficiently turbulent (u* > u
*Th

) NEE and Ts at 

2 cm depth. The final mean annual flux recovery following both threshold passing 
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methods was 49% (from 46% to 53%) at TPD and 53% (from 48% to 57%) at 

TP39 during the 6-years of measurements. The random flux error, referring to the 

variability among averaging periods and sample size (Loescher et al., 2006), was 

previously estimated at TP39 (35 g C m
-2

 year
-1

; Brodeur, 2014), with similar 

variability in the random uncertainty expected between the two forest sites. 

Gaps in ecosystem respiration (RE) were modelled similarly for both sites, 

as a function of Ts5cm and θ0-30cm (average from measurements made at 5, 10, 20, 

& 50 cm depths) using fitted ordinary least square non-linear regression models 

applied to half-hourly nighttime NEE. This was done in order to describe the 

relationship between RE and Ts5cm, representing the diurnal variation in Ta, 

modified by a soil moisture (θ) function as shown (Brodeur, 2014): 

  

              RE = R10 × Q10

( Ts 5 cm− 10)

10 ×
1

[1 + exp(a1−a2 θ0−30 cm)]
            (1) 

 

where R10 and Q10 are fitted temperature response parameters describing the RE 

and Ts5cm relationship, while a1 and a2 are fitted parameters ranging from 0 to 1, as 

a function of the independent variable, θ0-30cm, acting to scale the RE relationship. 

Modeled daytime RE was then added to measured NEP to estimate the gross 

ecosystem productivity (GEP). When half-hourly periods existed with gaps in 

NEP, GEP was modeled using a rectangular hyperbolic function: 

  

              GEP = 
αPARd Amax

αPARd + Amax
× ʄ(Ts) × ʄ(VPD) × ʄ(θ0-30cm)        (2) 
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where the first term defines the relationship between PAR and GEP, through the 

calculation of the photosynthetic flux per quanta (α, quantum yield) and the light-

saturated rate of CO2 fixation (Amax). The remaining terms describe sigmoidal 

scales (ranging from 0 to 1) responses of GEP to Ts, vapor pressure deficit 

(VPD), and θ0-30cm, respectively. During half-hourly periods where meteorological 

data were missing, gaps in RE and GEP were filled using a non-linear regression 

approach and a marginal distribution sampling approach (Reichstein et al., 2005; 

Brodeur, 2014). Missing NEP data due to instrumentation errors, maintenance, 

calibrations, and power outages, were filled as the difference between the 

modeled RE and modeled GEP. 

These gapfilling methods were further used to explore relationships 

between each sites component fluxes (RE and GEP) and controlling 

meteorological and edaphic variables using residual analyses. RE and GEP 

gapfilling models (see above) were parameterized using pooled data from the 

phenologically-derived summer months (end of greenup to start of browndown, 

defined in the next section) for all years (2012 to 2017). Furthermore, much like 

other temperate forests, due to the influence of canopy cover and optimal growing 

conditions, summer was identified as a key period for carbon uptake at both sites. 

Based on the functional models used to estimate fluxes (see above), controlling 

meteorological variables were separated into ‘driving’ (Ts5cm for RE; PAR for 

GEP) and ‘scaling’ (θ0-30cm for RE; Ta, θ0-30cm, VPD for GEP) variables. In this 

approach, the functional form for the driving variables defines a theoretical 
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maximum flux for a given value of driving variable, while the scaling variables 

modify the magnitude of the flux by a normalized factor (between 0 and 1) 

depending on its value. The influence of each ‘scaling’ variable on component 

fluxes was examined by removing one from the model, re-parameterizing, and 

regressing the model residuals (predicted - modeled flux) as a function of the 

removed variable. This approach provided a measure of the removed variable’s 

influence on component fluxes as a function of its magnitude. The relationships 

derived using this approach were used in conjunction with the functional 

relationships derived during parameterization using all available variables to 

characterize the nature of effects, and quantify the total effect of a given variable 

during a particular season.  

While the ultimate focus of this study was to compare differences in 

carbon fluxes between the two forests, the flux of water vapor was also essential 

to the analysis and necessary for the calculation of key variables. Following the 

aforementioned threshold and point cleaning, gaps in the latent heat flux (LE), 

and therefore the mass equivalent evapotranspiration (ET), were filled using an 

artificial neural network which utilized net radiation (Rn), wind speed, Ts5cm, 

VPD, and θ0-30cm (Brodeur, 2014). Following the approach outlined by Amiro et 

al. (2006), any remaining gaps in LE data were filled using a moving window 

linear regression method. Past studies examining the relationships between ET 

and meteorological variables for the forests of the Turkey Point Observatory have 

found Ta to largely drive ET, with smaller secondary effects driven by VPD and 
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θ0-30cm during water or heat stressed periods (McLaren et al., 2008; MacKay et al., 

2012; Skubel et al., 2015; Burns, 2017).  

Lastly, we implemented the analysis of variance (ANOVA) and 

multivariate analysis of variance (MANOVA) techniques to evaluate statistical 

differences between groups (deciduous [TPD] versus coniferous [TP39]) on a set 

of dependent variables (i.e. GEP, RE, NEP, and ET) as well as differences in 

slopes of environmental response functions (i.e. resource efficiencies discussed in 

the next section). For all EC and meteorological data, processing and analyses 

were completed using MatLab R2014b software (The MathWorks Inc.). 

 

4.3.4 Definitions of key climatic and plant-physiological variables  

In this study, we define the term drought similar to Wolf et al. (2013), in that 

drought periods are related to deficits in precipitation, which impose either plant 

physiological stress due to decreased soil moisture (θ) or impose stress due to 

stomatal closures in response to high VPD.  

Two resource efficiencies were calculated at both forests to compare the 

links between productivity and resource supply in order to reveal differences in 

their responses to changing climatic conditions. The amount of carbon fixed 

through photosynthesis per unit of absorbed solar radiation, described as the 

photosynthetic light use efficiency (LUE) was calculated as: 

 

                                             LUE = 
GEP

APAR
                                     (3) 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences   

140 

 

P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y

 an
d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 

 

where GEP is equivalent to the carbon fixed through photosynthesis, and APAR 

is the portion of photosynthetically active radiation (PAR) that is absorbed 

(Jenkins et al., 2007; Liu et al., 2019). The forest canopy radiation budget used in 

the calculation of APAR is described as: 

 

                     APAR = PARdn - PARup - PARground            (4) 

 

where PARdn is the incident PAR measured by PAR sensors mounted at the top 

of each tower facing skyward, PARup is measured as reflected PAR by 

instruments mounted at the same height as the PARdn sensor, but facing 

downward towards the forest canopy. PARground is the PAR transmitted through 

the canopy to a ground sensor located at 2 m height. Furthermore, the forest-level 

water-use efficiency (WUE), describing the carbon fixed through photosynthesis 

per water lost, was calculated as the ratio of GEP to ET (Keenan et al., 2013).  

 Using the methods of Gonsamo et al. (2013), we calculated 

phenologically-derived seasons for each year for each site. From half-hourly non-

gapfilled data, the maximum daily photosynthetic uptake (GEPMax) was calculated 

and fit using a double logistic function described by Gonsamo et al. (2013). From 

the initial fit, a Grubb’s test was conducted to statistically (p < 0.01) remove 

outliers in GEPMax data using the approach outlined by Gu et al. (2009). With 

outliers removed, the function was fit once more. This approach calculated 

photosynthetic transition dates, hereafter described as phenological dates, using 
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first, second, and third derivatives of the logistics curves. The second derivatives 

estimated the end of greenup (EOG), the length of canopy closure (LOCC), and 

the start of browndown (SOB), while the third derivatives calculated the start of 

the growing season (SOS), and the end of the growing season (EOS). The start of 

the growing season (SOS) marked the end of winter dormancy and the beginning 

of the spring season, leaf emergence/greenup. The phenologically defined spring 

season is defined as the period from SOS to EOG. The phenologically defined 

summer or peak carbon uptake period is defined as the entire LOCC period from 

the final day of greenup (EOG) to the initiation of leaf senescence (SOB), bound 

by spring and autumn shoulder seasons. Finally, the resulting phenologically 

defined autumn season is from SOB date to EOS date, with EOS marking leaf 

abscission and the end of photosynthetic activity in autumn. The length of the 

growing season (LOS) was calculated as the days between SOS and EOS. 

Lastly, the impact of climate on phenology was examined by the use of 

growing degree days (GDD) and cooling degree days (CDD), in order to 

understand the thermal response of each forest. GDD acumulation was defined to 

occur when the mean daily Ta was greater than 0°C, while  CDD were calculated 

using the daily mean Ta below a base Ta of 20°C (Richardson et al., 2006; Gill et 

al., 2015). Cumulative GDD and CDD were briefly considered in this analysis.  
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4.4 Results 

4.4.1 Meteorological Variability 

Air temperature (Ta) measurements conducted above the canopies at both sites 

showed that the daily mean values of Ta at TP39 (Figure 4.1a) and TPD (Figure 

4.1b) responded similarly (Figure 4.1c) over the study period. All years 

experienced annual mean Ta greater than the 30-year mean (8.0°C). Record warm 

Ta conditions were measured throughout the majority of the year in 2012 and 

during the summer of 2016. Cooler conditions dominated 2013 and 2014, while 

these years had a higher magnitude of extreme cold days in winter, acting to 

decrease mean annual Ta. In 2015, 2016, and 2017, autumn warming was 

observed, with record Ta outside of the normal peak summer period. Overall, Ta 

at both sites was almost identical (Figure 4.1c), highlighting the similar climate 

both sites were growing in during the study period.  

 Meteorological conditions between the sites were further examined, 

beginning with the amount of photosynthetically active radiation absorbed by the 

forest canopy (APAR, Figure 4.2a). The use of different sensors (Table S4.1) and 

corresponding coefficients needed for the calculation of incoming PARdn, likely 

led to some of the discrepancies in the total magnitudes of APAR (outlined in the 

methods). The shapes of annual APAR provide insight on the seasonal PAR 

absorbed by the canopy of each forest. At TP39, APAR was similar throughout 

the year due to the continuous presence of a dense canopy, with a nearly constant 

fraction (FPAR) of PARdn being absorbed. At TPD, APAR showed lower values 
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in the winter seasons when the forest was leafless. The timing of the peak APAR 

at TPD was similar to TP39, though it varied each year based on the annual 

timing of canopy development. Daily reductions in PAR often coincided with 

cloudy conditions and precipitation (P) events (Figure 4.2a, right).  

Fewer P events were measured during the first half of 2012, and most of 

2015, 2016, and the late-summer of 2017, as the latter three years had annual P 

less than the 30-year mean (997 mm). Autumn P in 2012 helped the forests to 

recover from the record heat and water deficits, while 2013 and 2014 experienced 

consistent rain throughout much of the year.  

Heightened daily vapor pressure deficit (VPD, Figure 4.2b) was 

experienced throughout 2012 by both sites, with seasonal maximum values 

measured during warm and dry conditions. In all years, except for 2012 and the 

autumn of 2016, daily VPD at TP39 was higher than at TPD Figure 4.2c). 

Annually, mean VPD was on average about 0.04 kPa higher at TP39 than TPD, 

with 2012 being the obvious exception (Figure 4.2c).  

 Soil temperatures (Ts) at 5 cm soil depths followed closely to Ta (Figure 

4.1) with dampening effects evident at deeper (100 cm) soil layers (Figure 4.2d). 

The differences in Ts5cm were explained by the species compositions of the two 

forests (Figure 4.2e). At TPD, when the deciduous forest was leafless in winter 

and spring, Ts5cm was higher than at TP39 as the soil received more direct 

radiation. However, during the summer and autumn of each year, Ts5cm at TP39 

exceeded that of TPD.  
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Lastly, the volumetric water content from 0-30 cm depths (θ0-30cm) 

followed similar patterns between sites, with prolonged summer θ deficits in 

2012, 2016, and 2017 (Figure 4.2f). The magnitudes again were different, but 

each forest experienced similar declining θ and the subsequent recharging θ 

analogous to local P events. In the summer θ was typically lower at TPD than 

TP39, while all other times of the year TP39 was higher (Figure 4.2g).   

 

4.4.2 Phenological Variability 

The meteorological conditions had a significant impact on the timing and duration 

of key phenological events, although ultimately the response was governed by 

different leaf-strategies of the various dominant tree species in each forest. The 

phenological transition dates and seasons calculated from EC-flux data are shown 

in Table 4.2 and Figure 4.3. The start of the growing season (SOS) varied 

considerably between the two forests, with the SOS at the evergreen forest, TP39, 

beginning on average 38 ± 14 days earlier than at the deciduous forest, TPD. 

TP39 experienced a larger variation in SOS dates, spanning a period of 26 days 

between the earliest (10 March 2012; day 70) and latest (6 April 2014; day 96) 

years, while TPD varied by 11 days between years.  

 Growing degree days (GDD) are a proxy used to assess the amount of heat 

the ecosystem has absorbed, as a result of increasing air temperatures. The 

response of the forests to changes in GDD was considered as a trigger for the 

SOS. The cumulative GDD from the start of the year (January 1
st
, day 1) to 6-year 
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mean day of season growth (25 March; day 84), was found to be highly correlated 

to SOS at TP39 (R
2
 = 0.81), but not at TPD (Figures 4.4a & 4.4b). However, the 

cumulative heat absorbed around the time of the start of greenup, which we 

calculated as GDD for days of year 117-127 (27 April to 7 May; which 

represented the range of 6-year mean SOS data ± one standard deviation) was 

found to significantly influence the SOS at TPD (R
2
 = 0.95), with a weaker 

influence at TP39 (days 73-95; R
2
 = 0.76). This difference likely reflects the 

different leaf-strategies, in that evergreen trees are ready to start 

photosynthesizing as soon as conditions are favorable, while the deciduous trees 

still need to grow their leaves once conditions are favorable, before comparable 

rates of photosynthesis can start. Spring, defined as the period from SOS to the 

end of greenup (EOG), was more than double the length (69 ± 14 days) at TP39 

when compared to TPD (31 ±5 days).  However, even with largely different SOS 

and spring lengths, the peak summer period, defined as the period between the 

end of greenup (EOG) in spring and the start of browndown (SOB) in autumn, 

was essentially identical between the forests (Figure 4.3). This period, spanning 

June, July, and August, was found to be a key contributor to the net annual 

productivity of each forest (discussed in sections further below).  

 With similar peak summer lengths, the forests began senescence at similar 

times, though the length of autumn, the period from the SOB to the end of the 

growing season (EOS), varied considerably between the forests, due to 

differences in the timing of the EOS (Figure 4.3). Drought conditions in the 
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summer of 2012 led both sites to have the shortest autumns and earliest EOS 

(Figures 4.2f & 4.3). Conversely, the late season warming in the autumns of 2016 

and 2017 helped to prolong the growing season at both sites, but the impacts of 

late season warming in 2015 were not as evident in shaping the timing of EOS 

(Figures 4.1 & 4.3; Table 4.2).  

Ultimately, the timing of the end of the growing season (EOS) was found 

to be influenced by a certain degree of cooling (i.e. cooling degree days, CDD). 

At both sites, the cumulative CDD from days 230 to 290 (mid-August to mid-

October), were found to be highly correlated to the EOS at TP39 (R
2 

= 0.84) and 

TPD (R
2 

= 0.95) (Figures 4.4e & 4.4f). Temperature responses in both the spring 

(i.e. GDD) and autumn (i.e. CDD) were much higher for TPD than TP39 (Figure 

4.4), likely due to the deciduous nature of the forest. These results suggest that 

warmer winter and early spring (i.e. January to April) conditions will lead to an 

advancement of the SOS in the conifer forest, but the same cannot be said for the 

deciduous forest, whose SOS dates were heavily dependent on late-April, early-

May growing conditions. To a certain degree, both forests responded similarly in 

autumn, however physiological constraints of the different tree leaf-strategies 

defined the overall differences in growing season lengths.  

 

4.4.3 Carbon and Water Fluxes 

The water (evapotranspiration) and carbon (photosynthesis and respiration) fluxes 

were analyzed in both forests from 2012 to 2017, with the daily patterns of these 
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fluxes illustrated in Figure 4.3 and expanded upon in Table 4.3. At first glance, 

each forest responded similarly between years, but significant seasonal 

irregularities existed, governing annual fluxes.  

Annual photosynthesis (GEP) within the conifer forest (TP39) was the 

highest in 2017 (1709 g C m
2
 yr

-1
) and 2015 (1701 g C m

2
 yr

-1
), while the lowest 

annual GEP was measured in 2012 (1452 g C m
2
 yr

-1
) and 2013 (1501 g C m

2
 yr

-

1
). GEP reductions during these years were due to opposing influences, with 2012 

experiencing heat and drought conditions for most of the year, and 2013 

experiencing cooler Ta and the highest annual P (1266 mm), reducing PAR and 

therefore GEP (Figure 4.3a). At the deciduous forest (TPD), similar GEP 

reductions were captured in 2012 (1198 g C m
2
 yr

-1
), but not in 2013 (1369 g C 

m
2
 yr

-1
) due to high photosynthetic gains, outside of the 2013 peak growing 

season (i.e. in the early spring and autumn periods). The highest annual GEP at 

TPD was found in 2016 (1420 g C m
2
 yr

-1
) and 2017 (1447 g C m

2
 yr

-1
) due to 

warm summer conditions (Figure 4.3b). Although 2014 had one of the shortest 

summers and the shortest overall growing season length of all years, high daily 

GEP rates were sustained through the summer, resulting in the year having above 

average annual GEP (1382 g C m
2
 yr

-1
). In all 6-years, spring was the only season 

when daily GEP was similar between the forests, as the advancement of SOS at 

TP39 did not greatly benefit the forest due to prevailing meteorological conditions 

(i.e. low PAR, Ta, etc.). However, summer and autumn daily GEP was higher at 

TPD when compared to TP39 across the 6-years (p < 0.01). Within individual 
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years, the 2016 summer was the only period where seasonal GEP at TPD was 

sufficiently greater than at TP39 (p < 0.01). In all years, TP39 annual GEP was 

greater than TPD because of longer growing season lengths.   

Ecosystem respiration (RE) of the conifer forest was highly variable in all 

years, with significant daily minimums and maximums measured throughout each 

summer (Figure 4.3a). At TP39, the greatest annual total RE was measured in 

2016 (1492 g C m
2
 yr

-1
) and 2017 (1525 g C m

2
 yr

-1
). The annual RE during these 

years was about 100 to 200 g C m
2
 yr

-1 
greater than during the other years. Cooler 

spring Ta and reductions in RE during the summer of 2013, led the year to have 

the lowest annual RE (1282 g C m
2
 yr

-1
) of the 6-years. While 2012 encountered 

reduced ET and GEP during the summer, RE was largely unaffected, leading the 

year to have the third highest annual RE (1386 g C m
2
 yr

-1
). Conversely, the 2012 

RE within the deciduous forest was greatly reduced, leading to an apparent outlier 

in annual RE at that site (954 g C m
2
 yr

-1
). Similar to TP39, but to a lesser degree, 

the annual RE at TPD during 2017 was the greatest of the 6-years (1317 g C m
2
 

yr
-1

). Annually, the RE at both forests responded similarly, with 2012 being the 

exception (Figure 4.3b). The highest daily rates of RE at both sites were measured 

during the summer of 2013, coinciding with similar maximums in ET. In both 

cases, maximum rates of RE and ET occurred between precipitation events, as the 

soil was sufficiently wet and Ta was the highest. In all years, the spring and 

autumn RE was higher at TPD (p < 0.01), resulting from shorter spring and 

autumn periods at the deciduous forest. The summer RE though was higher at 
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TP39 in all years and when comparing individual years, with 2013 and 2015 

being the exceptions. In these years, the RE at both sites was comparable, shaping 

the resulting seasonal and annual differences between the two sites.  

The resulting balance between photosynthesis (GEP) and ecosystem 

respiration (RE), net ecosystem productivity (NEP), was found to be largely 

irregular between sites during individual years due to site-specific differences in 

the timing, magnitude, and duration of daily fluctuations in GEP and RE. The 

trajectory of growing season NEP was strikingly different between sites (Figure 

4.3a & 4.3b). TPD (deciduous) captured consistently positive daily NEP (sink), 

while TP39 (conifer) was highly variable, with negative daily NEP (source) often 

occurring throughout the growing season. The NEP in the conifer forest was the 

lowest in 2012 (76 g C m
2
 yr

-1
) and 2016 (139 g C m

2
 yr

-1
), coinciding with heat 

and drought stress in both years (Figure 4.5a). At TP39, July 2012 was the only 

month during the 6-years of measurements where the peak summer growing 

season monthly NEP for either site was negative (source). The most productive 

years (largest annual sink) at the conifer site were 2015 (395 g C m
2
 yr

-1
) and 

2014 (263 g C m
2
 yr

-1
). While 2014 (305 g C m

2
 yr

-1
) was simultaneously the 

most productive year at the deciduous forest, 2015 (90 g C m
2
 yr

-1
) was the lowest 

annual sink, highlighting the differences between sites (Figure 4.5b). Similarly, 

the least productive year at TP39 (2012) was the second most productive year at 

TPD (292 g C m
2
 yr

-1
). The cumulative site differences in NEP were analyzed to 

focus on seasonal differences (Figure 4.5c). With earlier SOS at TP39, the conifer 
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site quickly became a sink in spring, while the growing season had not yet begun 

at TPD. In all years except 2015, the NEP at TPD following the SOS exceeded 

TP39 (p < 0.01). In the autumn, there was no statistical difference between sites, 

although as photosynthesis ceased at TPD with leaf abscission, the cumulative 

difference in NEP between sites benefited the extended photosynthesis measured 

at TP39 (Figure 4.5c). 

Within the evergreen conifer forest (TP39), annual evapotranspiration 

(ET) was the highest in 2012 (495 mm yr
-1

) and 2013 (468 mm yr
-1

). Warm Ta 

throughout much of the year and high summer VPD caused 2012 to have the 

highest annual ET, while continuous spring and summer P (Figure 4.2a) allowed 

2013 to sustain higher daily rates of ET (Figure 4.3a). Cooler Ta during all of 

2014 (421 mm yr
-1

) and cooler Ta in the phenological spring of 2016 (409 mm yr
-

1
), combined with the lowest annual P (in 2016), caused these years to have the 

lowest ET for the conifer forest (Table 4.3). Within the deciduous forest (TPD), 

2012 (428 mm yr
-1

), 2016 (417 mm yr
-1

), and 2017 (403 mm yr
-1

), had the 

greatest annual ET, coinciding with the years with the highest annual Ta (Figure 

4.1b). In 2014, the coolest year during the 6-years of measurements, annual ET 

(350 mm yr
-1

) was greatly reduced at TPD. While the ET of each forest ultimately 

responded differently to the local meteorological forcings, on a few occasions, 

similar daily ET rates were measured, coinciding with significant P events. In the 

summer of 2013 (May 30 to July 19 or days 150 to 200), high daily ET was 

measured at both sites, immediately following multiple daily P events exceeding 
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40 mm of rain (Figures 4.2a, 4.4a & 4.4b). Additionally, in 2015 (June 20 to July 

10 or days 180 to 200), increased ET was measured at both sites following steady 

P events. Considering the 6-years as a whole, phenological autumn was the only 

season where ET significantly differed between the sites. While the mean autumn 

ET was greater at TP39, the shorter duration of autumn (Table 4.2) led rates of 

daily ET to be higher at TPD as compared to TP39 (p < 0.01). In this case, the 

phenological autumn at TPD occurred when Ta remained high, while at TP39 

autumn stretched later into the year when Ta and daily ET were reduced. Both 

forests experienced similar annual deviations in ET (± 33 & 34 mm), and in all 

years except for 2016, the conifer forest ET exceeded that of the deciduous forest.  

 

4.4.4 Forest Light and Water Use Efficiencies 

The specific forest resource efficiencies (i.e. water use efficiency [WUE] & light 

use efficiency [LUE]) were examined to understand the relationships between 

forest carbon uptake and site resources (i.e. water & light), illustrated in Figure 

4.6. Each year, WUE varied between sites due to different forest responses to 

meteorological controls driving overall GEP and ET. At TP39, WUE was the 

highest in the spring of 2016, the summers of 2014 and 2017, autumns of 2015, 

2016, and 2017 (Figure 4.6a). In 2016, the SOS began early (March 15; day 74) 

promoting prompt increases in spring GEP, when Ta and ET remained low. In 

autumn, the years with extended growing seasons, saw GEP increase later in the 

year as ET decreased, leading to higher forest WUE. At TPD, WUE was lowest in 
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the warm years (i.e. 2012, 2016, & 2017) due to increased annual ET, while the 

cool and highly productive year of 2014 experienced the highest summer and 

autumn WUE (Figure 4.6b). In the 6-years of measurements, highly significant (p 

< 0.01) linear relationships of the ratio of monthly ET and GEP (calculating 

WUE) were measured at both sites, with monthly WUE remaining relatively 

constant (Figure 4.6c; R
2
 = 0.92). While monthly WUE was similar between 

forests (Figure 4.6c), WUE was higher at TPD (4.70 g C kg
-1

 H2O) when 

compared to that of TP39 (3.82 g C kg
-1

 H2O).  

The general light use efficiency (LUE) trends and deviations were 

statistically comparable between the two forests. At both sites, 2014 and 2017 had 

the highest summer LUE, while reduced GEP at both sites during the summers of 

2012 and 2016 yielded the lowest summer LUE (Figures 4.6d & 4.6e). Across all 

years, the monthly linear relationships between GEP and APAR yielded similar 

results, with larger variation (R
2
 = 0.70) and slightly lower LUE at TP39 when 

compared to TPD (Figure 4.6f; R
2
 = 0.82). Similarly, TPD had higher annual and 

summer LUE (p < 0.01), although spring and autumn was similar at both sites. 

 

4.4.5 Meteorological Controls on Fluxes 

To better understand and the water and carbon fluxes within each forest 

ecosystem, the roles of various meteorological variables (i.e. Ta, PAR, θ, etc.) 

were analysed during the study period. When first considering annual values, ET 

at the deciduous (TPD) forest was found to be highly correlated (R
2
 = 0.84) to 
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annual mean Ta. A smaller secondary effect on ET (R
2
 = 0.83; Table 4.4) was 

found for winter and early spring (January 1
st
 to SOS) θ0-30cm, which helped to 

explain the impact of winter soil water storage and seasonal water availability at 

the start of each year. At TPD, higher winter θ0-30cm was measured in the years 

with the greatest annual ET. At the conifer (TP39) forest, no strong relationships 

were found between annual ET values and seasonal or annual meteorological 

variables. However, monthly linear relationships of Ta and VPD to ET were 

significant at both sites (Figure 4.7). The evergreen conifer and deciduous 

broadleaf forests experienced similar increases in monthly ET, with increasing 

monthly mean Ta (Figure 4.7a). While the evergreen forest saw higher ET rates 

compared to the deciduous forest, the correlation of ET to Ta was greater for the 

deciduous forest (R
2
 = 0.95 vs R

2
 = 0.89; for TPD and TP39, respectively). 

Similar responses between monthly ET and monthly VPD were measured, 

although the difference between the sites was much smaller, as a mean monthly 

VPD of 1kPa corresponded to a monthly total ET of 104 mm and 97 mm at TP39 

and TPD, respectively (Figure 4.7b). Overall, the correlation of ET to increasing 

VPD was greater for the evergreen forest (R
2
 = 0.82 vs R

2
 = 0.74; for TPD and 

TP39, respectively).  

Following similar annual time scales used in the ET comparison, 

photosynthesis (GEP), respiration (RE), and net ecosystem productivity (NEP) 

were compared to meteorological measurements for each site and season (Table 

4.4). In both forests, no significant relationships were found between 
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meteorological variables and annual GEP. In terms of RE at TP39, the years with 

the highest annual RE (i.e. 2016 & 2017)  resulted from summer drought 

conditions, as evident through prolonged reductions in mean summer θ0-30cm (R
2
 = 

0.89). The years with the lowest annual RE (i.e. 2013 & 2015) were ultimately the 

most productive (largest annual carbon sink) and both measured the highest mean 

summer θ0-30cm. The annual NEP was correlated to the length of spring (R
2
 = 

0.75), the mean summer Ta (R
2
 = 0.73), and most importantly, summer NEP (R

2
 

= 0.99). For the evergreen conifer site, a shorter phenologic spring period due to 

rapid photosynthetic development was seen in years with the highest annual NEP. 

Higher summer Ta decreased annual NEP, highlighting the influence of 

limitations due to heat stress. Lastly, summer NEP at TP39 was nearly identical to 

the annual NEP, stressing the importance of this period (roughly June, July & 

August) in shaping the annual carbon sink status of the forest.  

At the deciduous forest, the relationship between RE and spring Ta (R
2 

= 

0.77) suggested that warmer springs generally acted to decrease annual RE. 

Annual NEP at the conifer forest was shown to be correlated to summer RE (R
2
 = 

0.80; Table 4.4). Within the deciduous forest, the years with lower summer RE 

(i.e. 2012, 2014) were the largest annual carbon sinks. Lastly, the smallest annual 

NEP (2015) was observed when summer RE was highest (714 g C m
-2

). 

Ultimately, on annual time scales, both sites emphasized the importance of 

summer meteorological conditions on annual productivity. 
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Based on the importance of summer outlined above, the flux 

parameterizations were further examined to understand the dominant 

meteorological factors during each summer. At the deciduous broadleaf forest, θ0-

30cm was shown to have no impact on GEP, while Ta, VPD, and PAR contributed 

to the summer photosynthesis each year (Table 4.5). Based on meteorological 

conditions experienced in each year, 2016 and 2014 were the most favorable for 

summer GEP, while 2012 was the least favorable. Similar results were found for 

the evergreen conifer forest, though at that site, low θ0-30cm was shown to 

influence GEP. Therefore, years with lower θ0-30cm or higher VPD did not 

experience the same beneficial meteorological inputs necessary for optimal 

summer GEP. Outside of Ts5cm, θ0-30cm impacted summer RE at both sites. At 

TPD, the years with the highest summer θ0-30cm (i.e. 2013 & 2015) experienced 

optimal conditions for enhanced RE, while 2012 and 2016 saw less favorable RE. 

Similar responses were also found at TP39. Overall, the annual fluxes were a 

product of the season length and predicted daily rate that were in turn influenced 

by variability in meteorological variables.  

 

4.5 Discussion 

4.5.1 Meteorological and Phenological Variability 

The meteorological conditions experienced by both sites during the study period 

were similar and typical of temperate North American ecosystems, characterized 

by four distinct seasons, with cold winters and warm summers. The close 
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proximity between the two forests (~20 km apart at the same latitude) led them to 

experience similar synoptic scale weather conditions during each year, and 

therefore nearly identical air temperature (Ta). Even with similar climatic forcings 

(i.e. Ta) seasonal deviations in 5 cm soil temperature (Ts5cm) were found, 

suggesting certain differences were primarily influenced by forest canopy 

characteristics (Palmroth et al., 2005; Stoy et al., 2006). In this case, soil 

temperature was linked to the proportion of incoming radiation penetrating the 

forest canopy, reaching the forest floor. In all years, Ts5cm at the conifer forest was 

higher during each summer, but lower than that of the deciduous forest during the 

rest of the year. In the conifer forest, branches and needles were highly clumped 

while the canopy remained relatively open, leading to minor annual variations in 

incoming radiation absorbed (APAR) by the forest canopy and soil, in line with 

Brummer et al. (2012). In the deciduous forest, Ts5cm was higher when leaves 

were absent and incoming radiation was directly absorbed by the soil. Following 

the development and closure of the forest canopy in spring, deciduous Ts5cm was 

lower than the conifer forest in our study, which was in line with other similar 

studies (i.e. Lee et al., 2010; Augusto et al., 2015).  

In general, both forests had similar trends VPD in all years and TP39 had 

somewhat higher VPD compared to TPD, except in the record warm year of 2012. 

The higher VPD at the deciduous forest in 2012 could be due to the relative 

unresponsiveness of stomata to higher VPD typical of broadleaved species, or the 

suggested larger leaf boundary layers in deciduous trees, where VPD measured 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences   

157 

 

P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y

 an
d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 

above a canopy can be greater than what leaves experience (Kelliher et al., 1993; 

Baldocchi & Vogel, 1996; Baldocchi et al., 2002; Stokes et al., 2006). Ultimately, 

minor meteorological variations between the forests led to similar forcings during 

the study period, though species specific responses shaped the timing of 

phenological events in each forest.  

The response of leaf phenology in temperate forests to changes in 

temperature has been shown throughout much of the Northern Hemisphere (Jeong 

et al., 2011; Settele et al., 2014). In future climates, rising Ta is predicted to lead 

to an earlier start, later end, and prolonged duration of the growing season, though 

ecosystem-level responses are expected to vary as there is a strong genetic control 

among plant species on the timing of phenological events (Vitasse et al., 2011; 

Sanz-Perez et al., 2009; Polgar & Primack, 2011; Oishi et al., 2018). In locations 

such as ours where different tree species face similar climates, the relative 

advantage of conifer species is seen as the start of the growing season (SOS) may 

often precede spring frost events (Givnish, 2002; Augusto et al., 2015). On the 

other hand, deciduous species (such as Quercus) often delay leaf-out to decrease 

the probability of frost damage (Kramer, 2010; Polgar & Primack, 2011), which 

was seen at our sites. The mean SOS for our conifer (Pinus Strobus L.) forest 

began over a month (38 days) earlier than the deciduous (Quercus Alba) forest, 

with much greater variability seen in the conifer forest especially in years with 

warm spring conditions. The timing of the deciduous SOS (2 May; day 122 ± 5 

days) was consistent with similar North American deciduous forests; such as 
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Harvard Forest (4 May; day 124 ± 14 days; in Gonsamo et al., 2015) and Morgan 

Monroe Forest (28 April; day 118 ± 4 days; in Dragoni et al., 2011). 

In the autumn, the onset of senescence and end of the growing season 

(EOS) has been reported to be advanced by high soil moisture (θ) deficits, and 

delayed with increased warming (Kramer, 2010, Warren et al., 2011; Liu et al., 

2016). The relationship between summer θ deficits and the timing of senescence 

were insignificant at the conifer forest, although both forests experienced later 

senescence dates with decreased θ (although likely due to increased Ta), opposite 

to previous studies. For the conifer forest, the two years (i.e. 2012 & 2016) with 

continued heat and drought stress saw the latest dates of senescence, while at the 

deciduous forest, greater mean summer θ led to earlier senescence in all years but 

decreased θ extended senescence. Instead, we found that the late-summer (August 

to October) degree of cooling had a significant impact on the EOS as well as 

overall growing season length. This response has been confirmed by long term 

observational data, which has shown strong positive correlations between Ta and 

EOS, helping to postpone EOS for many forest ecosystems (Ibanez et al., 2010; 

Dragoni & Rahman, 2012; Gallinat et al., 2015; Liu et al., 2016). More cold days 

promoted earlier EOS and shorter seasons, while less cooling (greater warming) 

extended the season and phenologic autumn period at both sites. However, the 

degree of extension was much different between sites, similar to the response in 

spring. The mean EOS (10 November; day 314 ± 8 days) in the deciduous site 

occurred a month (31 days) before that of the evergreen coniferous site (11 
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December; day 345 ± 17 days). There was much greater variability in EOS 

experienced at the conifer forest compared to the deciduous broadleaf forest. 

Based on these findings, in future climates, evergreen conifer forests in the region 

may expect earlier springs, later autumns, and longer growing seasons, while the 

deciduous broadleaf forests will likely see greater gains in growing season length 

from prolonged autumns, only limited by their specific leaf-strategy. 

 

4.5.2 Meteorological Impacts on Carbon Fluxes 

Changes in local meteorology (and climate) have been recognized as a primary 

factor driving the interannual variability of carbon fluxes within forests (Bonan, 

2008; Desai, 2010; Coursolle et al., 2012). Ta anomalies and seasonal fluctuations 

in water availability (θ) over a predictable course of the year were shown to 

strongly determine the carbon sequestered in many forests (Ciais et al., 2005; Sun 

et al., 2011; Xie et al., 2014). Conceptually, higher Ta will promote longer 

growing seasons and greater photosynthesis (GEP), though drawbacks due to 

increased respiration (RE) are expected (White & Nemani, 2003; Noormets et al., 

2015). In this study, the differing forests responses to meteorological conditions 

led to significant divergences in annual GEP, RE, and NEP. At both sites, the 

overall growing season length in 2012 was the second shortest (behind 2014), 

despite record Ta experienced throughout much of the year. If this year is 

excluded, both the conifer and deciduous forests experienced longer growing 

season lengths with increased annual Ta. Annual GEP reductions were also 
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experienced in each forest during the heat and drought year of 2012. GEP 

reductions at our conifer site may also be associated with the reduction in canopy 

size, due to thinning performed at the site in the early winter of 2012 (see more 

discussion in the following section). Additionally, higher Ta and low θ acted to 

enhance RE in the conifer forest, but significantly reduced RE in the deciduous 

forest. The suppression of RE has been previously reported for other deciduous 

forests during warm and dry periods (Davidson et al., 1998; Palmroth et al., 2005; 

Novick et al., 2015; Darenova & Cater, 2018). Overall, these reductions in both 

the growing season length and the magnitude of carbon fluxes highlighted the 

forests sensitivities to heat and drought events, though it ultimately varied 

between sites.  Contrasting studies have shown varying results on the overall 

drought tolerance of conifer forests. Some studies suggest that conifer species, 

especially those in resource-poor locations, may be less responsive to seasonal 

climate anomalies (Aerts et al., 1995; Way & Oren, 2010; Wolf et al., 2013). 

Others have found that conifer (i.e. Pinus) forests are highly coupled to 

atmospheric demand and drought sensitivities (Griffis et al., 2003; Stoy et al., 

2006). The two years (i.e. 2012 & 2016) with the lowest annual carbon 

sequestration (NEP) in our conifer forest were found during hot and dry years 

with high atmospheric demand (i.e. high VPD). These years measured the lowest 

summer light use efficiency (LUE, due to decreased GEP) and the lowest summer 

NEP, consistent with past studies (Griffis et al., 2003; Vargas et al., 2013). 

Similar LUE reductions were measured at the deciduous forest during the 
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summers of 2012 and 2016, though annual NEP was drastically different due to 

comparable decreases in summer and annual RE, not experienced in the conifer 

forest. Instead, the two drought years were some of the largest annual carbon 

sinks (greater positive NEP) during the six years of measurements at the 

deciduous forest. Similar to this study, other research has shown deciduous oak 

(Quercus) forests to be more resilient to drought than their conifer counterparts 

(Elliot et al., 2015; Wang et al., 2016). Studies have suggested that warm 

(drought) conditions may lead to reduced carbon uptake or even carbon release 

(White & Nemani, 2003; Grant et al., 2009; Vargas et al., 2013). Based on our 

findings, reductions in NEP during expected future intermittent drought 

conditions in the area could be projected in the evergreen conifer forest, but not in 

the deciduous broadleaf forest. 

 Over the measurement period, both forests experienced similar interannual 

variability in all carbon fluxes (~100 g C m
-2

 yr
-1

) to that expected in midlatitude 

forests (Yuan et al., 2009; Desai 2010).  In all years the magnitude of GEP and 

RE were greater in the conifer forest, however, analogous increases at the 

deciduous forest led the two forests to have very similar annual NEP. While 

evergreen conifer forests have been shown to have lower photosynthetic 

capacities than deciduous broadleaf forests (Reich et al., 1995; Baldocchi et al., 

2010), the longer growing seasons led the conifer forest in this study to have a 

greater magnitude of annual NEP in most years, with drought years being the 

exceptions. Even in drought years, both the conifer forest and the deciduous forest 
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in our study experienced annual NEP similar to past studies conducted in the 

temperate region of North America (Barford et al., 2001; Arain & Restrepo-

Coupe, 2005; Gough et al., 2013; Xie et al., 2014; Dymond et al., 2016; Oishi et 

al., 2018). In the coolest year of this study (i.e. 2014), which was closest to the 

30-year norm for the area in terms of its mean annual Ta, the two forests 

experienced similar seasonal and annual carbon uptake and some of the highest 

rates over the 6-year study. This suggests that both forests (especially the 

deciduous forest), favor meteorologically “normal” years, similar to the 

conclusion of Griffis et al. (2003) and Gonsamo et al. (2015). Therefore, under 

future climates, which are predicted to be warmer than the current 30-year norm 

for the area, the carbon sequestration capacity of both forests may be reduced.  

 

4.5.3 Meteorological Impacts on Water Fluxes 

The annual carbon uptake measured within each forest would not be possible 

without the availability and use of water (Baldocchi et al., 2001). With 

insufficient water availability annual tree growth and productivity may be limited 

(Nemani et al., 2003; Augusto et al., 2015).  Hence, it is important to understand 

the efficiency of water use (WUE) and the corresponding release of water vapor 

(evapotranspiration, ET) to the atmosphere on seasonal and annual time scales. 

On average, our conifer forest had greater annual ET and less variability than the 

deciduous forest. However, we found conflicting results between sites in regards 

to annual ET during drought years. At both sites, ET was shown to be strongly 
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driven by air temperature (Ta). ET in 2012 was the highest of all years following 

amplified Ta for most of the year. Much like RE, ET responds year-round, so 

warmer spring or autumn periods often lead to annual increases in ET (Schwartz 

et al., 2006; Taylor et al., 2008).  

Similarly, in the deciduous forest, annual ET was heightened during the 

hot and dry year of 2016. The characteristic amplification of both Ta and VPD 

during warm drought years led the years with the lowest mean summer θ0-30cm and 

highest summer Ta (or VPD) to experience increased annual ET at the deciduous 

forest. An opposing ET response was measured in the coniferous forest, as 2016 

had the lowest annual ET, the only year where the annual conifer ET was lower 

than that of the deciduous forest ET.  

 Typically, transpiration is beneficial to plants, helping to cool leaves and 

thereby reducing respiration (Rambal et al., 2003; Baldocchi et al., 2010; 

Brummer et al., 2012). In our case, high summer Ta, the lowest θ0-30cm, and very 

little summer and annual P removed most of the water from the system, 

significantly reducing ET, while RE continued to rise. At the conifer forest, the 

timing of summer P appeared to greatly influence ET (i.e. 2013), as the 

availability of rainfall during the physiological summer led to the greatest demand 

for water. Ultimately, it is likely that the differing response between sites was due 

to the ability of each forest to access deep soil water. Studies have shown oak 

(Quercus) forests to be less sensitive and more resilient to drought, due to more 

efficient access to deeper soil water, than conifer forests (Breda et al., 2006; 
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Bonan et al., 2008; Wang et al., 2016; Matheny et al., 2017). Evergreen conifer 

forests may have roots extending just as deep as deciduous broadleaf forests, but 

they are not as effective at obtaining water as broadleaf trees (Oren & Pataki, 

2001). With higher atmospheric demand during dry periods often leading to 

greater ET across many forest types (Meinzer et al., 2013; Wu et al., 2013; Tang 

et al., 2014), the access and availability of water in deep soil layers allowed the 

deciduous forest to sustain high ET, even in drought years. 

We found annual WUE of both forests to respond similarly across all 

years, though variations in GEP and ET between the forests led to seasonal WUE 

differences due to the aforementioned responses of both fluxes. The WUE at the 

conifer forest was consistent with previously reported values for that location 

(Brummer et al., 2012; Skubel et al., 2015), while the deciduous forest WUE was 

found to be higher than an oak forest in Ohio (Xie et al., 2016). Assuming similar 

carbon assimilation, this implies a higher evapotranspiration flux at the conifer 

forest (Augusto et al., 2015), which we saw.  

 

4.5.3 Forest Management and Future Climate Impacts 

Forest age, management practices, and historical land-use have been shown to 

impact annual carbon fluxes within forests (Wofsy et al., 1993; Song & 

Woodcock, 2003). While our forests are of relatively similar age (~80-90 years), 

they have experienced slightly different management practices over their lifetime 

so far, with the conifer forest being a planted forest that underwent low density 
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partial thinning in 1983 and 2012, while the deciduous broadleaf forest was 

naturally regenerated with periodic selective harvesting occurring in the past 

(most recent events occurring in the early 1990s). The difference in carbon uptake 

over the forest’s life will be influenced by management treatments (Herbst et al., 

2015). Some studies (Zha et al., 2009; Dore et al., 2012; Skubel et al., 2017) have 

suggested that overall forest carbon and water fluxes recover rapidly post-

disturbance. Furthermore, some studies have found a positive correlation between 

species number and productivity in temperate forests (Morin et al., 2011). 

Similarly, mixed forests are generally assumed to be more resilient to extreme 

weather events and disturbance events than mono-specific forest stands (Pretzsch, 

2014; Herbst et al., 2015). With a greater number of species in our deciduous 

broadleaf forest (500+ tree & plant species, as per Elliot et al., 1999), and the 

resistance to heat and drought induced carbon losses shown in this study, it is 

likely that the deciduous broadleaf forests will remain a carbon sink well into the 

future. Even following increased RE losses expected with warmer late-summer 

and autumn conditions (Dunn et al., 2007; Piao et al., 2008), such as those 

experienced in 2016 and 2017 at our site, the conclusions remain the same.  

For similar forest types, the annual responses of GEP and RE to local 

meteorology will affect natural and managed forests similarly, however it has 

been proposed that many managed forests may already be maximized for a given 

Ta regime, leaving less room for adaptability or acclimation in the future (Litton 

& Giardina, 2008; Chen et al., 2014; Noormets et al., 2015). With RE shown to be 
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higher in managed forests compared to natural forests (Arain & Restrepo-Coupe, 

2005), it is possible that our conifer forest (most recently managed) may see 

limitations in the annual carbon sequestration capability in the future. With 

considerable daily RE losses experienced following summer precipitation events 

(i.e. 2013 & 2014), enough hot periods with intermittent heavy rains in the future 

could cause forest RE to exceed in the conifer forest. As the climate continues to 

change, management practices and responses to meteorological conditions will 

determine the relative carbon sink or source strength in many temperate forests.  

 

4.6 Conclusions 

The annual carbon and water dynamics were compared between two forests of 

different leaf-strategy in the Great Lakes region of southern Ontario, Canada, over 

a six year period from 2012 to 2017. The geographic location, forest age, soil, and 

climate were similar between sites, but one was an evergreen needle-leaf 

monoculture plantation, while the other was a mixed-wood deciduous broadleaf 

naturally regenerated forest. On average, the evergreen conifer forest was a 

greater carbon sink (218 ± 109 g C m
-2

 yr
-1

) with higher annual ET (442 ± 33 mm 

yr
-1

) than the deciduous broadleaf forest (200 ± 83 g C m
-2

 yr
-1 

and 388 ± 34 mm 

yr
-1

, respectively). While mean annual fluxes were similar in magnitude and 

variation, significant abnormalities were measured between sites, especially 

during drought years. Summer meteorology was shown to greatly impact fluxes at 

both sites, though to varying degrees with varying responses. Annual NEP was 
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reduced at the deciduous forest during years with increased summer RE. 

Similarly, annual deciduous forest ET was driven by changes in Ta, with the 

largest annual ET measured in the warmest years. During droughts, the carbon 

and water fluxes of the deciduous forest were less sensitive to changes in 

temperature or water availability. Conversely, annual NEP at the conifer forest 

was the result of competing influences of both GEP and RE, though ultimately, 

summer NEP determined annual NEP. The significant response of the conifer 

forest to heat and drought events led the summer months in all years to greatly 

control the forests annual carbon sink-source status. Additionally, prolonged dry 

periods with increased Ta were shown to greatly reduce ET (i.e. 2016). Both sites 

saw average ET, but increased NEP during ‘normal’ years, but only the conifer 

forest saw annual reductions in carbon sequestration during drought years. If 

longer summer periods of increased temperatures and larger variability in 

precipitation are to be expected in future climates, these findings suggest that the 

deciduous forest will continue to be a net carbon sink, while the response of the 

conifer forest remains uncertain. Given our findings, drought-induced RE 

increases or GEP decreases may hurt the conifer carbon uptake. 
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Table 4.1: Site characteristics of the deciduous (TPD) and coniferous (TP39) 

forest stands. The TP39 values in brackets indicate pre-thinning (2003 – 2011) 

values, prior to the period of focus.  
 

 Turkey Point 1939 (TP39) Turkey Point Deciduous (TPD) 

 42.71°N, 80.357°W 42.635°N, 80.558°W 

Stand  

     Previous Land Use 

     Age (in 2017) 

     Elevation (m) 

     DBH (cm) 

     Density (trees ha
-1

) 

     Tree Height (m) 

     LAI (m2
 m

-2
) 

     Dominant Species 
 

     Secondary & 

     Understory 

 

     Ground 

 

 

 

Afforested on oak savanna, 

cleared for afforestation 

78 years 

184 

39.0 (37.2) 

 321 (413) 

23.4 (22.9) 

5.3 (8.5) 

Pinus Stobus L. 
 

Abies Balsamea, Q. Velutina, 

A. Rubrum, Prunus Serotina 
 

M. Canadense, Rubus Spp., Rhus 

Radicans, Ferns, Mosses 

 

 

Naturally regenerated on 

abandoned agricultural land 

70 – 110 years 

265 

23.1 

504 

25.7 

8.0 

Quercus Alba 
 

Acer Saccharum, A. Rubrum, 

Fagus Grandifolia, Q. Velutina,  

Q. Rubra, Fraxinus Americana 

Maianthemum Canadense, 

Aplectrum Hyemale, Equisetum 

 

 

Soil 

     Drainage 

     Classification 

     Texture      

     Bulk Density      
      (kg m

-3
) 

 

Well-drained 

Brunisolic grey brown luvisol 

Very fine sandy-loam 

1.35 g m
-3 

 

 

Rapid to well-drained 

Brunisolic grey brown luvisol 

Predominantly sandy 

1.15 g m
-3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences   

182 

 

P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y

 an
d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 

Table 4.2: The top section of the table contains the annual calculated 

phenological dates (reported as day of year) for both the evergreen conifer (TP39, 

bolded C) and deciduous broadleaf (TPD, italicized D) forests from year 2012 to 

year 2017. Phenological dates were calculated following Gonsamo et al. (2013) 

from eddy covariance measured GEPMax data. Six-year mean values and standard 

deviations are included in the final column. The resulting phenological seasons 

and their duration in days are also shown, in the lower section of the table.  

 

 

 

 

 

 

 

 

 

 

 

 

Phenology Transition Dates  2012 2013 2014 2015 2016 2017 Mean 

Start of Season 

(SOS, bud-break) 
C 

D 
70  

120 
96  

116 
96  

127 
91  

118 
74  

126 
79  

125 
84 ± 12 
122 ± 5 

Mid of Greenup 

(MOG, fastest green-up) 

C 

D 
119 
136 

137 
141 

132 
148 

122 
136 

127 
144 

130 
147 

128 ± 7 
142 ± 5 

End of Greenup 

(EOG, end of leaf-out) 

C 

D 
147 
145 

160 
155 

153 
160 

140 
146 

158 
154 

159 
159 

153 ± 8 
153 ± 6 

Peak of Season 

(Midpoint between EOG & SOB) 

C 

D 
214 

198 
205 

199 
202 

205 
193 

193 

212 

203 
201 

207 
204 ± 8 

201 ± 5 

Start of Browndown 

(SOB, start of senescence) 

C 

D 
271 
257 

258 
249 

258 
255 

257 
249 

270 
262 

248 
261 

260 ± 9 
255 ± 6 

Mid of Browndown 

(MOB, fastest senescence) 

C 

D 
287 
275 

292 
273 

287 
274 

289 
271 

305 
286 

287 
282 

291 ± 7 
277 ± 6 

End of Season (EOS) 
C 

D 
314 
306 

351 
314 

338 
307 

345 
309 

366 
328 

354 
318 

345 ± 17 
314 ± 8 

Phenologically-Defined Seasons  2012 2013 2014 2015 2016 2017 Mean 

Spring 

(EOG – SOS) 

C 

D 
78  

25 
64  

39 
58  
34 

48  
28\ 

84  
28 

80  
34 

69 ± 14 
31 ± 5 

Summer (SOB – EOG) 

(LOCC, Length of Canopy Closure) 

C 

D 
124 
112 

97  

94 
105  
95 

117 
103 

112 
107 

89  
102 

107 ± 13 
102 ± 7 

Autumn (EOS – SOB) 
C 

D 
43  

49 
94  

65 
80  
52 

89 
61 

96  
67 

106  
57 

85 ± 22 
58 ± 7 

Length of Growing Season (LOS) 
C 

D 
245 
186 

255 
198 

242 
180 

254 
191 

292 
202 

275 
193 

260 ± 19 
192 ± 8 
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Table 4.3: Seasonal and annual sums of eddy covariance (EC) measured carbon 

(GEP, RE, and NEP, g C m
-2

 yr
-1

) and water fluxes (ET, mm yr
-1

) from 2012 to 

2017 for both the conifer (TP39, bolded C) and deciduous (TPD, italicized D) 

forests. The phenologically-defined seasonal dates were calculated using the 

timing of transitions in phenological dates, outlined in Table 4.2. The six-year 

mean and standard deviations are also included for each row.  

 
Season  2012 2013 2014 2015 2016 2017 Mean 

G
E

P
 S

u
m

 Spring (SOS to EOG) 
C 

D 

308 

104 
306 
197 

279 

165 
213 

117 
359 

129 
418 

174 
314 ± 70 

148 ± 36 

Summer (EOG to SOB) 
C 

D 

990 
942 

942 

949 
1070 

1023 
1160 

1006 
1014 

1084 
930 

1070 
1018 ± 86 

1012 ± 59 

Autumn (SOB to EOS) 
C 

D 

132 

147 
264 

239 
265 

200 
340 

240 
249 

219 
377 

213 
271 ± 85 

210 ± 34 

Annual 
C 

D 

1452 

1198 
1501 

1369 
1601 

1382 
1701 

1347 
1617 

1420 
1709 

1447 
1597 ± 104 

1360 ± 87 

R
E

 S
u

m
 

Jan 1 to SOS 
C 

D 

66 

167 

83 

107 

78 

129 

79 

109 

82 

163 

81 

170 

78 ± 6  

141 ± 30 

Spring (SOS to EOG) 
C 

D 

205 

78 
205 

151 
169 

133 
122 

109 
233 

109 
276 

144 
202 ± 53 

121 ± 27 

Summer (EOG to SOB) 
C 

D 

908 

500 
718 

672 
809 

581 
790 

714 
888 

684 
735 

700 
808 ± 78 

642 ± 84 

Autumn (SOB to EOS) 
C 

D 

142 

138 
272 

269 
269 

196 
310 

259 
302 

266 
434 

252 
288 ± 94 

230 ± 52 

EOS to Dec 31 
C 

D 

77 

82 
14 

64 
33 

84 
39 

110 
-- 

55 
13 

65 
35 ± 26 

77 ± 20 

Annual 
C 

D 

1386 

954 
1282 

1250 
1345 

1110 
1328 

1283 
1492 

1260 
1525 

1317 
1393 ± 96 

1196 ± 138 

N
E

P
 S

u
m

 

Jan 1 to SOS 
C 

D 

-58 

-117 
-74 

-79 
-68 

-88 
-73 

-82 
-66 

-129 
-66 

-130 
-67 ± 6 

-104 ± 24 

Spring (SOS to EOG) 
C 

D 

103 

25 
101 

45 
110 

30 
92 

4 
128 

18 
144 

29 
113 ± 19 

25 ± 14 

Summer (EOG to SOB) 
C 

D 

80 

442 
223 

276 
262 

441 
374 

288 
127 

398 
196 

371 
210 ± 104 

369 ± 73 

Autumn (SOB to EOS) 
C 

D 

-12 

16 
-5 

-26 
-6 

4 
33 

-18 
-48 

-46 
-51 

-37 
-15 ± 31 

-18 ± 24 

EOS to Dec 31 
C 

D 

-35 

-68 
-12 

-56 
-30 

-79 
-24 

-103 
-- 

-51 
-12 

-58 
-23 ± 10 

-69 ± 19 

Annual 
C 

D 

76 

292 
228 

156 
263 

305 
395 

90 
139 

185 
208 

169 
218 ± 109 

200 ± 83 

E
T

 S
u

m
 

Jan 1 to SOS 
C 

D 

22 

56 
23 

28 
11 

33 
19 

24 
13 

39 
15 

44 
17 ± 5 

37 ± 12 

Spring (SOS to EOG) 
C 

D 

105 

36 
97 

55 
67 

45 
65 

31 
85 

39 
106 

48 
87 ± 18 

42 ± 9 

Summer (EOG to SOB) 
C 

D 

315 

283 
277 

231 
260 

213 
286 

219 
249 

266 
210 

237 
266 ± 36 

242 ± 27 

Autumn (SOB to EOS) 
C 

D 

43 

45 
73 

63 
82 

50 
67 

66 
64 

69 
97 

64 
71 ± 18 

60 ± 9 

EOS to Dec 31 
C 

D 

15 

14 
2 

9 
6 

12 
4 

14 
-- 

11 
3 

15 
6 ± 5 

12 ± 2 

Annual 
C 

D 

495 

428 
468 

381 
421 

350 
436 

349 
408 

417 
424 

403 
442 ± 33 

388 ± 34 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences   

184 

 

P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y

 an
d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 

Table 4.4:  Linear relationships between total annual water (ET, mm yr
-1

) and 

carbon (RE and NEP, g C m
-2

 yr
-1

) flux measurements and both meteorological 

(i.e. VPD, Ta, θ0-30cm) and phenological (i.e. spring length, carbon uptake start) 

variables (annual or seasonal) from 2012 to 2017. In each section, the R
2
 listed is 

for the relationship to the specified annual flux.  

 

Conifer 2012 2013 2014 2015 2016 2017 R
2
 

Annual RE (g C m-2 yr-1) 1386 1282 1345 1328 1492 1525 -- 

Summer θ0-30cm (m
3 m-3) 0.083 0.097 0.090 0.096 0.071 0.076 0.89 

 
       

Annual NEP (g C m-2 yr-1) 76 228 263 395 139 208 -- 

Spring Length (Days) 78 64 58 48 84 80 0.75 

Summer Ta (°C) 21.1 20.3 19.9 20.0 21.1 20.7 0.73 

Summer NEP (g C m-2) 80 223 262 374 127 196 0.99 

        
Deciduous 2012 2013 2014 2015 2016 2017 R

2
 

Annual ET (mm yr-1) 428 381 350 349 417 403 -- 

Annual Ta (°C) 11.8 9.2 8.0 9.2 10.6 10.0 0.84 

Winter θ0-30cm (m3 m-3) 0.131 0.118 0.116 0.101 0.133 0.127 0.83 

 
       

Annual RE (g C m-2 yr-1) 954 1250 1110 1283 1260 1317 -- 

Spring Ta (°C) 16.6 15.1 16.1 15.1 15.6 14.0 0.77 

 
       

Annual NEP (g C m-2 yr-1) 292 156 305 90 185 169 -- 

Summer RE (g C m-2) 500 672 581 714 684 700 0.80 
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Table 4.5: The model-predicted scaling factors of meteorological variables (i.e. 

Ta, VPD, PAR, θ0-30cm) during the phenological summer (end of greenup to start 

of senescence) for the conifer and deciduous forests from 2012 to 2017. These 

normalized values show the cumulative effect of the meteorological variable in 

reducing GEP and RE from their theoretical maximum values. Higher values 

represent more favorable summer conditions for GEP and RE.  

 

Conifer 2012 2013 2014 2015 2016 2017 

GEP: Ta 0.994 0.990 0.987 0.981 1.00 0.997 

GEP: VPD 0.939 1.00 1.00 0.981 0.914 0.975 

GEP: PAR 0.949 0.950 0.946 0.956 1.00 0.950 

GEP: θ0-30cm 0.956 1.00 0.998 0.993 0.976 0.973 

GEP: All 0.846 0.941 0.932 0.914 0.892 0.899 

RE: θ0-30cm 0.958 1.00 0.996 0.991 0.968 0.965 

       Deciduous 2012 2013 2014 2015 2016 2017 

GEP: Ta 1.00 0.971 0.974 0.967 0.989 0.974 

GEP: VPD 0.871 1.00 0.998 0.998 0.946 0.989 

GEP: PAR 0.978 0.938 0.955 0.953 1.00 0.956 

GEP: θ0-30cm 1.00 1.00 1.00 1.00 1.00 1.00 

GEP: All 0.852 0.911 0.929 0.920 0.936 0.920 

RE: θ0-30cm 0.976 1.00 0.997 1.00 0.965 0.992 
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Figure 4.1: Daily above canopy air temperature (Ta, red dots) measured from 2012 to 2017 at the (a) conifer forest 

(TP39) and (b) deciduous forest (TPD), with the grey shading and black line corresponding to the 30-year Environment 

Canada (Delhi) minimum and maximum range of daily Ta and mean daily Ta, respectively. Values shown represent the 

annual mean Ta for each year of measurements. Also included is the (c) comparison of daily Ta at TP39 and TPD. 
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Figure 4.2: A daily time series of meteorological variables measured at the 

conifer (TP39, red line) and deciduous (TPD, black dashed line) forests from 

2012 to 2017, including: (a, left) total absorbed photosynthetically active radiation 

(APAR), (a, right) total precipitation (P), (b) mean vapor pressure deficit (VPD), 

(c) the difference in VPD between the two forests (conifer – deciduous), (d) mean 

soil temperatures (Ts) at 5 cm and 100 cm depths, (e) the difference in Ts at both 

depths, (f) the mean soil volumetric water content from 0-30 cm depths (θ0-30cm), 

and (g) the difference in θ between the two forests. 
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Figure 4.3: Time series from 2012 to 2017 of the daily total gross ecosystem productivity (GEP, green +), ecosystem 

respiration (RE, red +), net ecosystem productivity (NEP, grey shading), and evapotranspiration (ET, black [right]) for 

the (a) conifer forest (TP39), and the (b) deciduous forest (TPD). Solid lines of GEP, RE, NEP, and ET are derived 

from 5-day moving averages of the measured data, while the colored values for each year correspond to annual GEP 

(green), RE (red), and ET (black) for each site. The annual EC-derived phenological spring (green) and autumn 

(brown) are included for each site, and can be found in Table 4.2. 
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Figure 4.4: Correlations between growing degree days (GDD), cooling degree 

days (CDD) and and phenological start of the growing season (SOS) and end of 

the growing season (EOS) from 2012 to 2017 at both the conifer and deciduous 

forests. Shown are: (a) cumulative GDD from January 1
st
 to the mean SOS at 

TP39 and (b) TPD, (c) cumulative GDD from the mean SOS ± standard deviation 

at TP39 and (d) TPD, and (e) the cumulative CDD from day of year 230:290 at 

TP39 and (f) TPD. Linear fit equations with R
2
 and RMSE also included. 
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Figure 4.5: Cumulative daily sums of net ecosystem productivity (NEP) at the (a) conifer forest (TP39), the (b) 

deciduous forest (TPD), and (c) the cumulative difference (conifer – deciduous), with appropriate monthly NEP sums 

in each figure inset, from 2012 to 2017. Green shading in each panel corresponds to the site-specific 6-year mean 

phenological spring duration, while brown shading corresponds to the 6-year mean phenological autumn duration 

(Table 4.2). Dark shading in panel (c) represents the deciduous forest seasons overlaid on the conifer seasons.  

Cumulative annual values are shown for each site and year, with colors found in the key. 
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Figure 4.6: Annual smoothed (1-month moving average) time series of the (a) conifer (TP39) and (b) deciduous forest 

water use efficiency (WUE; GEP ET
-1

), and (c) monthly linear relationships between GEP and ET at both sites from 

2012 to 2017. Similarly, light use efficiency (LUE; GEP APAR
-1

) calculations are shown for (d) the conifer forest and 

(e) deciduous forest, while linear relationships (f) of monthly GEP and APAR are also shown. The green and brown 

shading correspond to the site-specific 6-year mean phenological spring and autumn periods (Table 4.2), respectively. 

Linear fit equations and R
2
 values are also shown (c & f). 
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Figure 4.7: (a) Monthly exponential relationships between mean air temperature (Ta) and total evapotranspiration (ET) 

from 2012 to 2017 for the conifer (TP39, open circle) and deciduous (TPD, diamond) forests. Also shown are the six-

year (b) monthly linear fits between mean vapor pressure deficit (VPD) and ET. Fit equations and R
2
 also shown. 
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Table S4.1: Descriptions of the eddy covariance (EC) and meteorological 

instrumentation and sensors installed at both sites throughout the period of 

measurements (2012 to 2017). Note: IRGA = infrared gas analyzer 

  Turkey Point 1939 (TP39) Turkey Point Deciduous (TPD) 

Canopy IRGA LI-7000 (LI-COR) LI-7200 (LI-COR) 

Sonic Anemometer CSAT3 (CSI) CSAT3 (CSI) 

Height 
28 m (2003 – May 2016) 

36 m (2012 – Present) 
34 m (May 2016 – Present) 

Orientation Oriented west (270°) Oriented west (270°) 

Intake Tube 4 m long intake tube 1 m long intake tube 

Flow 15 L/min 15 L/min 
   

Mid-Canopy IRGA 
LI-800 (LI-COR) LI-820 (LI-COR) 

Measured at 14 m height Measured at 16 m height 
   

   

Air Temperature (Ta) 
HMP45C (CSI) HMP155A (CSI) 

Relative Humidity (RH) 

Wind Speed & Direction Model 05103 (R.M. Young) 
Model 85000 (2012 – 2015) 

Model 05013 (2015 – Present) 

Photosynthetically 

Active Radiation (PAR) 
 

PAR-Lite (Kipp & Zonen) PQSI (Kipp & Zonen) 

Net Radiation (Rn) CNR1 (Kipp & Zonen) CNR4 (Kipp & Zonen) 

Soil Temperature (Ts) 107B (CSI) 107B (CSI) 

Soil Water Content (θ) CS615-L/CS616 (CSI) CS650 (CSI) 

Precipitation (P) T-200B (GEONOR) CS700H-L (CSI) 
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CHAPTER 5: 

SEASONAL PATTERNS OF PHOTOSYNTHESIS CAPTURED BY 

REMOTE SENSING VEGETATION INDICES IN A TEMPERATE 

CONIFEROUS EVERGREEN AND DECIDUOUS BROADLEAF FOREST 

 

5.1 Abstract 

Remote sensing is a valuable tool used to accurately track seasonal changes in 

photosynthesis in an attempt to better predict carbon fluxes across a wide range of 

ecosystems. While conventional broad band vegetation indices (i.e. NDVI) 

derived from remote sensing have focused on changes in greenness through the 

seasonal adjustments in the structure of plant canopies, they failed to capture the 

more subtle photosynthetic changes typical of evergreen forests. Instead, more 

recent approaches look to track seasonal changes in fluorescence as well as 

chlorophyll and carotenoid pigment compositions, which have been shown to be 

effective in both evergreen and broadleaf forests. For that reason, this study 

examined the relative ability of different vegetative indices to track changes in 

photosynthetic phenology for two forests of differing leaf shapes and retention 

strategies (i.e. coniferous evergreen and deciduous broadleaf) in southern Ontario, 

Canada, by means of: (1) tower-based Automated Multiangular SPectro-

radiometers for Estimation of Canopy reflectance systems (AMSPEC-III) 

operated during the 2016 growing season, and (2) satellite-based MODIS indices 

examined from 2012 to 2017. Carotenoid sensitive indices (photochemical 
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reflectance index [PRI] and chlorophyll/carotenoid index [CCI]) and the red-edge 

chlorophyll index (CIr) were shown to effectively capture seasonal (i.e. daily and 

8-day) changes in photosynthesis of both forest stands during 2016. The Moderate 

Resolution Imaging Spectroradiometer (MODIS) gross primary productivity 

(GPP) and solar-induced fluorescence (SIF) via the Orbiting Carbon Observatory-

2 (OCO-2) satellite showed strong positive correlations to annual measured eddy 

covariance based photosynthesis (gross ecosystem productivity) and 

meteorological controls at both forests from 2012 to 2017. While these 

relationships were similar to previous analyses, the observed interannual 

variability was likely a result of meteorological conditions or heterogeneous 

landscapes surrounding the forest stands. Based on these results, we found stand-

level and satellite-based vegetative indices capable of monitoring photosynthetic 

phenology in a temperate deciduous and coniferous forest. 

 

5.2 Introduction 

 In North America, temperate forests absorb significant amounts of 

atmospheric carbon dioxide (CO2) emissions, storing carbon in biomass, soils, 

and other plant materials, often times storing several orders of magnitude more 

carbon than other vegetation types (Curtis et al., 2002; Pan et al., 2011; Gielen et 

al., 2013; Gough et al., 2016). While these forests are significant sinks of annual 

anthropogenic emissions, increasing temperatures in response to changing 

climates may negatively impact the magnitude of carbon being stored 
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(Kirschbaum, 2000; MacDonald, 2012; IPCC, 2013). Climate change may further 

impact a number of plant processes as shifts in the phenological growing season 

due to increasing temperatures will directly affect the timing and period of 

photosynthetic activity (Richardson et al., 2010; Estiarte & Peñuelas, 2015).  

In temperate forests, tree species cycle between periods of growth and 

dormancy in response to physiological and climatic influences such as changing 

temperatures and photoperiod (Cleland et al., 2007; Korner & Basler, 2010). 

However, the responses to seasonal phenological variations may be different 

between diverse forest types (Springer et al., 2017). For deciduous species, the 

onset of photosynthetic development (bud-burst and leaf-out) is able to easily be 

observed, much like senescence and the changing of leaf color in autumn. Conifer 

species though see more subtle changes in leaf pigment composition that cannot 

be as readily observed (Bigras et al., 2001; Soolanayakanahally et al., 2013). 

These subtle changes include the hardening of needles in winter, acting to adjust 

chlorophyll and carotenoid contents in order to dissipate excess light energy 

during winter dormancy (Ottander et al., 1995; Demmig-Adams & Adams, 1996; 

Verhoeven, 2014). Such adjustments are reversed in spring with increasing 

temperatures and photoperiods (Wong & Gamon, 2014). 

 Similar modifications to needle pigment composition used by conifers in 

order to adjust the annual cycle of photosynthesis, are also used by deciduous 

leaves to regulate photosynthesis throughout the growing season (Lichtenthaler et 

al., 2007; Gamon et al., 2016). These seasonal changes in leaf pigments impact 
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leaf reflectance, fluorescence, and carotenoid chlorophyll ratios (Sims & Gamon, 

2002; Junker & Ensminger, 2016). Fluorescence, capable of dissipating energy in 

a matter of seconds (Muller et al., 2001), operates much more rapidly than 

chlorophyll and carotenoid adjustments to pigment pool sizes, which may take 

hours to weeks (Wong & Gamon, 2015). The monitoring of such spectral and 

physiological adjustments throughout different forest communities is necessary to 

better understand the resulting changes in photosynthetic activity.  

 Conventionally, the normalized difference vegetation index (NDVI), 

through the detection of chlorophyll absorption and leaf scattering in the red and 

near-infrared (NIR) wavelengths, has been used to track vegetation greenness, 

representative of photosynthetic activity and growth (Peters et al., 2002; Park et 

al., 2008). In deciduous forests, NDVI effectively tracks seasonal phenological 

transitions (Gamon et al., 1995) and is commonly used as a proxy for the fraction 

of photosynthetically active radiation (FPAR) absorbed by the canopy (Nestola et 

al., 2016). In coniferous species, while NDVI can detect similar structural 

changes (i.e. FPAR), only minor deviations in greenness occur annually, making 

it less effective in detecting seasonal photosynthetic phenology in these 

ecosystems (Nagai et al., 2012). 

 In more recent years, the photochemical reflectance index (PRI), a 

suggested proxy for light-use efficiency (LUE), has displayed the ability to detect 

changes in photosynthetic activity that NDVI may often miss (Gamon et al., 1992; 

Hilker et al., 2008; Peñuelas et al., 2011; Wong & Gamon, 2015). On hourly to 
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daily time-scales, PRI responses are driven by changes in the xanthophyll cycle, 

while responses on seasonal time-scales reflect changes in chlorophyll and 

carotenoid pigment pool sizes (Sims & Gamon, 2002; Gamon et al., 2012; 

Fréchette et al., 2015). The chlorophyll carotenoid index (CCI) similarly tracks 

photosynthetic activity (Springer et al., 2017). Much like PRI, CCI is sensitive to 

seasonal changes in chlorophyll and carotenoid levels, especially in conifer 

species (Gamon et al., 2016). However, a reduced number of studies have 

examined the link between photosynthesis activity and CCI for deciduous species. 

Furthermore, red-edge vegetation indices (CI red edge; CIr), which correspond to 

an increase in reflectance between chlorophyll absorption in red wavelengths, and 

leaf scattering in NIR wavelengths, have been implemented in a limited number 

of studies in order to gain information on the estimation of photosynthetic activity 

(Gitelson et al., 2005; Gitelson et al., 2006; Wu et al., 2009).  

 Chlorophyll fluorescence may also provide information on photosynthetic 

activity (Baker et al., 2004; Springer et al., 2017), as satellite solar-induced 

fluorescence (SIF) has been shown to be closely linked to photosynthesis and 

gross primary productivity (GPP) (Joiner et al., 2014; Walther et al., 2016). 

However, current spatial and temporal resolutions of satellite-based SIF typically 

fail to resolve seasonal changes in pigment pool sizes and fluorescence (Gamon et 

al., 2019). Ultimately, the aforementioned vegetation indices derived from 

different remote sensing sources (i.e. proximal and satellite) can provide 

complementary information on the physiological and phenological responses of 
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ecosystems to changing meteorological conditions (Nestola et al., 2018). 

Furthermore, while the temporal dynamics of carbon storage are often measured 

by eddy covariance (EC) techniques (Baldocchi, 2003), the limited spatial extents 

of such studies may not be applicable for more broad scale remote sensing 

applications (Gamon et al., 2010; Chen et al., 2014). Therefore, studies using 

concurrent EC and remote sensing measurements are needed for a more accurate 

evaluation of changes in photosynthetic activity (Stylinski et al., 2002; Gamon et 

al., 2010; Coops et al., 2010). 

 This study considers multiple datasets of photosynthesis and the 

associated phenological responses for two geographically, climatically, and 

edaphically similar forests with different leaf retention and shape strategies (i.e. 

deciduous broadleaf and coniferous evergreen) in southern Ontario, Canada. In 

this study, we examined the relationships between EC photosynthesis (gross 

ecosystem productivity, GEP) and vegetation indices derived from two tower-

based Automated Multiangular SPectro-radiometers for Estimation of Canopy 

reflectance systems (AMSPEC-III; Tortini et al., 2015). At both forest sites, the 

installation of an AMSPEC-III system during the growing season of 2016 allowed 

for the construction of stand-level vegetation indices (i.e. CCI, CIr, PRI, and 

NDVI). However, given the limited length of AMSPEC-III measurements, 

satellite remote sensing indices (i.e. Moderate Resolution Imaging 

Spectroradiometer (MODIS) and SIF) were also considered for comparison 

during the entire study period (2012 to 2017). Therefore, the objectives of this 
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study were to: (1) evaluate the effectiveness of tower-based and satellite-based 

remote sensing vegetation indices in tracking differences in photosynthetic 

phenology at each forest site; (2) investigate variations in the timing of 

phenological events for satellite-based indices; and (3) explore seasonal 

meteorological impacts on the dynamics of photosynthetic.  

 

5.3 Materials and Methods 

5.3.1 Study Area and Site Descriptions 

This study was conducted from January 2012 until the end of December 2017 at 

two long-term eddy covariance (EC) forest carbon flux monitoring sites in 

southern Ontario, Canada (known as the Turkey Point Observatory). Located near 

Turkey Point Provincial Park and Long Point National Wildlife Area on the 

northern shores of Lake Erie (Figure 5.1), these forest sites are situated within an 

agriculturally dominated landscape, with roughly 18-25% of the total land area 

containing scattered temperate forests (Arain & Restrepo-Coupe, 2005). 

This study focuses on two of the four Turkey Point Observatory forests; a 

78-year old managed plantation coniferous evergreen forest (TP39, 42.71°N, -

80.357°W), and a roughly 90-year old (70 – 110 years old) naturally-regenerated 

deciduous broadleaf forest (TPD, 42.635°N, -80.558°W). Planted in 1939, TP39 

(CA-TP4), has a mean canopy height of 23.4 m, dominated (82%) by eastern 

white pine (Pinus Strobus L.), with balsam fir (Abies balsamifera L. Mill), black 

and white oak (Quercus Velutina; Q. Alba), and red maple (Acer Rubrum) trees 
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scattered throughout the flux tower footprint. The mixed-wood deciduous forest 

(CA-TPD) is located at the northernmost extent of the natural range of eastern 

deciduous forests. The forest has a mean canopy height of 25.7 m, and is 

dominated by white oak (Quercus Alba) and red maple (Acer Rubrum), with the 

remaining tree species including: black oak, red oak (Q. Rubra), American beech 

(Fagus Grandifolia), sugar maple (A. Saccharum) and white ash (Fraxinus 

Americana). The topography at both forest sites in generally flat, and given their 

close proximity (~20 km apart), they both experience similar meteorological 

conditions. The 30-year mean (1981 to 2010) annual air temperature (Ta) and 

total precipitation (P) measured at the Environment Canada Delhi CDA station 

(~25 km north of sites) was 8.0°C and 997 mm, respectively. Additional site 

details for TP39 and TPD can be found in Peichl et al. (2010) or in Beamesderfer 

et al. (2019a), respectively. 

 

5.3.2 Eddy Covariance Measurements 

Continuous, half-hourly fluxes of CO2 (Fc) have been measured at both TP39 and 

TPD using closed-path eddy covariance (EC) systems since 2003 and 2012, 

respectively. Concurrent with the EC measurements, each forest is equipped with 

a suite of meteorological sensors located at the top of a scaffold flux tower 

(towers shown in Figure 5.1). Specific instrument details and information on the 

data processing and gap-filling methods implemented can be found in Arain & 

Restrepo-Coupe (2005), Peichl et al. (2010), or Beamesderfer et al. (2019a). In 
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short, half-hourly net ecosystem exchange (NEE, µmol m
-2

 s
-1

) was calculated as 

the sum of the vertical CO2 flux (Fc), and the rate of change in CO2 storage (SCO2) 

within the air column below the EC measurements at each site (NEE = Fc + SCO2). 

Gross ecosystem productivity (GEP, µmol m
-2

 s
-1

) was calculated as the 

difference between NEE and modelled daytime ecosystem respiration (RE). For 

this analysis, the daily maximum photosynthetic assimilation (GEPMax) was 

calculated using non-gapfilled GEP found when half-hourly gapfilled NEE was 

equal to non-gapfilled NEE. This approach helped to remove any potential biases 

in GEPMax due to meteorological responses found using gapfilled procedures. 

Half-hourly meteorological data (i.e. Ta, P, vapor pressure deficit (VPD), etc.) 

were analyzed to calculate daily, 8-day, and seasonal average values.  

 

5.3.3 Proximal Remote Sensing Measurements and Corrections 

A portable automated multi-angular spectro-radiometer (AMSPEC-III; Tortini et 

al., 2015) was installed on the top of the eddy-covariance (EC) fitted scaffold 

towers at each forest site (TP39 & TPD) from May 12th to October 22nd, 2016. 

The two AMSPEC-III systems used in the study included JAZ-COMBO (JC; 

Ocean Optics Inc.) portable spectro-radiometers fitted with upward-looking 

cosine diffusers (PP-Systems) which acted to correct sky irradiance at varying 

solar altitudes (Tortini et al., 2015). The systems also included pan-tilt units 

(PTU; Directed Perception Inc.) allowing the sensors to record data at various 

zenith and azimuth angles throughout the day. The moving sensor heads allowed 
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for bidirectional reflectance distribution function (BRDF) measurements to be 

made of the canopy reflectance (Hilker et al., 2008). Webcams (NetCam SC, 

StarDot), identical to each sites PhenoCams (Richardson et al., 2007), were used 

to concurrently capture phenological RGB images used to determine canopy 

shading. Together, the AMSPEC-III systems recorded solar irradiance, canopy 

irradiance, solar position, measurement time, and RGB phenological webcam 

images. Further AMSPEC-III specifications can be found in Tortini et al. (2015).  

Measured canopy reflectance (ρ) was defined as the ratio of canopy 

radiance (upwelling) and solar irradiance (downwelling). The raw spectra 

acquired from the spectro-radiometers had a 0.145 nm spectral resolution (from 

525 – 810 nm spectral range). Corrections were applied to raw measurements as 

the sensors observed the forest canopy under varying sun-view geometries, 

significantly impacting canopy spectra. A BRDF correction model normalizing 

canopy radiance was applied to the data following approaches used in past 

AMSPEC studies (Hilker et al., 2008; Tortini et al., 2015; Lin et al., 2019). The 

mean reflectance from 10:00am to 2:00pm (local time) was used in this analysis; 

representative of canopy-scale, noon-time BRDF corrected data. From these data, 

four unique vegetative indices were calculated daily for the 2016 growing season. 

The four indices include: (1) narrow-band Normalized Difference Vegetation 

Index (NDVI; [(ρ780nm – ρ650nm) / (ρ780nm + ρ650nm)]), (2) the Photochemical 

Reflectance Index (PRI; [(ρ531nm – ρ570nm) / (ρ531nm + ρ570nm)]), (3) the 

Chlorophyll/Carotenoid Index (CCI; [(ρ531nm – ρ645nm) / ( ρ531nm + ρ645nm)]), and (4) 
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the red-edge Chlorophyll Index (CIr; [((ρ740nm – ρ705nm) – 1)]). Due to the 

heterogeneity of the leaves at the deciduous forest during the autumn leaf-down 

season, the BRDF corrected CCI and CIr data were smoothed to represent a 

homogenous canopy. 

 

5.3.4 Satellite Remote Sensing Measurements 

Satellite solar-induced fluorescence (SIF) measurements for the same period 

(2012 to 2017) were obtained from the Orbiting Carbon Observatory-2 (OCO-2) 

SIF dataset (GOSIF) developed by Li and Xiao (2019). These data have finer 

spatial (0.05°, 1.3 × 2.25 km
2
) and temporal (8-day) resolutions than past SIF 

datasets (i.e. GOME-2: 40 × 40 km
2
 (monthly); GOSAT: 10 km diameter 

(monthly) resolutions), however, currently are unable to provide similar spatial 

resolutions to that of other (i.e. AMSPEC-III, Landsat, MODIS, etc.) remote 

sensing vegetation indices (Sun et al., 2018; Li et al., 2018; Li & Xiao 2019). The 

GOSIF data were developed from global OCO-2 SIF soundings, MODIS data, 

and meteorological data from the Modern-Era Retrospective analysis for Research 

and Applications (MERRA-2). Grid points closest to the EC flux towers were 

chosen for this analysis. In each case, the GOSIF grid point was located in an 

agricultural field 1.8 km northeast of TP39 (42.725°N, -80.35°W) and in a similar 

section of deciduous forests 1.3 km southeast of TPD (42.625°N, -80.55°W). The 

8-day GOSIF data (W m
−2

 μm
−1

 sr
−1

) were downloaded from the Global Ecology 
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Group of the Earth Systems Research Center at the University of New Hampshire 

(http://data.globalecology.unh.edu/).  

In addition to GOSIF measurements, vegetation indices from the MODIS-

Aqua satellite were also incorporated into this study. A number of past studies 

have evaluated and validated these datasets, and in most cases, compared products 

derived from these satellites to EC flux tower measurements (i.e. Turner et al., 

2006; Huete et al., 2010). This study examined three different datasets: (1) the 

Aqua MYD13A1 Version 6 Normalized Difference Vegetation Index (NDVI) 

produced at a 500 meter spatial resolution and 16 day temporal resolution (Huete 

et al., 1999), (2) the Aqua MYD15A2H Version 6 fraction of photosynthetically 

active radiation (FPAR) at a 500 meter spatial resolution and 8 day temporal 

resolution (Knyazikhin et al., 1999), and (3) the Aqua MYD17A2H Version 6 

gross primary productivity (GPP; kg C m
-2

) datasets at a similar 500 meter and 8 

day spatial and temporal resolution, respectively (Running & Zhao, 2015). The 

GPP data is a cumulative 8-day composite, while FPAR and NDVI data integrate 

the use of an algorithm to choose the best available pixel within the 8-day and 16-

day period, respectively. During this study, the same grid points were considered 

between the three datasets at each site due to the similar spatial resolutions (i.e. 

500 m). For TP39, the nearest point was 100 m west of the tower (42.7093°N, -

80.3585°W) within the forest footprint, and the nearest point at TPD was 300 m 

south of the tower (42.6327°N, -80.5589°W), similarly within the forest footprint. 

GPP, FPAR, and NDVI data were obtained using the USGS EarthExplorer 

http://data.globalecology.unh.edu/
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(earthexplorer.usgs.gov/). While not entirely identical, GEP and GPP are often 

used analogously to describe photosynthetic assimilation (Goulden et al., 1997), 

however, the usage of either term in our study is purely differentiated by the 

source of the measurement: EC (GEP) and MODIS (GPP). 

 

5.3.5 Temporal Resolutions and Derivation of Phenological Periods 

The outlined data were first analyzed at daily time scales to determine the 

effectiveness of AMSPEC-III and EC (GEPMax) datasets in capturing the short 

term impacts of changes to canopy greenness and chlorophyll and carotenoid 

pigment pools. These data were then compared at 8-day time scales, equivalent to 

the typical temporal resolution of most satellite remote sensing vegetation indices. 

The linear correlations (R
2
) between daily and 8-day mean indices (both proximal 

and satellite) and corresponding periods of EC GEPMax measurements were 

calculated for each forest. Key annual relationships between EC GEPMax and 

satellite indices were further identified from 2012 to 2017, and the indices with 

the highest annual linear fits were further considered for phenological modeling.  

For EC daily maximum photosynthetic assimilation (GEPMax) and 

estimates of satellite-based photosynthesis and fluorescence (i.e. GOSIF and 

MODIS; based on the methods described above) we calculated the timing of 

seasonal phenological events in spring and autumn transition periods, using a 

fitted double logistic function outlined by Gonsamo et al. (2013). This approach 

calculated phenological transition dates using first, second, and third derivatives 

https://earthexplorer.usgs.gov/
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of the logistics curves. The second derivatives estimated the end of greenup 

(EOG) and the start of browndown (SOB, senescence), while the third derivatives 

calculated the start of the growing season (SOS) and the end of the growing 

season (EOS). The start of the growing season (SOS) marked the end of winter 

dormancy and the beginning of leaf emergence in the spring season (budburst and 

greenup). The phenological spring is defined as the period from SOS to EOG, the 

summer or peak carbon uptake period spans the period between EOG and SOB, 

while the autumn season considers the period from the SOB to the EOS, marking 

leaf senescence to abscission and the end of photosynthetic activity. The overall 

length of the phenologically-derived growing season (LOS) was calculated as the 

number of days between SOS and EOS. To identify the seasonal meteorological 

impacts on photosynthesis, the calculated transition dates were then compared to 

seasonal and annual meteorological variables measured at each tower.  

 

5.4 Results 

5.4.1 Seasonal Photosynthesis and Proximal Remote Sensing 

The eddy covariance (EC) measured maximum daily photosynthetic assimilation, 

or maximum gross ecosystem productivity (GEPMax), and the AMSPEC-III 

vegetation indices followed parallel seasonal patterns as temperature (grey) for 

the eastern white pine dominated coniferous evergreen and the white oak 

dominated deciduous broadleaf forests throughout the 2016 growing season 

(Figure 5.2). Spring activation began in March for the coniferous forest, with slow 
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increases in both photosynthesis and vegetation indices before reaching maximum 

summer values in July and August. Following the peak summer (calendar) period, 

a continued gradual decline in photosynthesis and a late winter downregulation 

(December) was observed for the coniferous forest. The deciduous forest 

displayed much more rapid photosynthetic changes as spring activation only 

occurred in early May, but maximum summer photosynthesis values were quickly 

reached in June and July. Similar rapid downregulation was experienced in 

autumn with the initiation of leaf senescence in mid-September, although 

unseasonably warm temperatures during that time helped to extend the overall 

growing season length within the deciduous forest (highlighted in Chapter 3).  

For the evergreen conifer forest, AMSPEC-III CCI, CIr, and PRI had not 

adequately captured the seasonal variations in photosynthesis that roughly 

matched that of seasonal temperatures (Figure 5.2a-c). At all times during the 

measurement period, these vegetation indices effectively captured the overall 

dynamics (shape) of photosynthesis within the evergreen forest, but were unable 

to accurately capture day-to-day changes in GEPMax, highlighted by the low R
2
 

values. NDVI was relatively constant throughout the measurement period, while 

seasonally higher values (~0.80) roughly coincided with maximum temperatures 

and photosynthesis in July and August (Figure 5.2d). For the deciduous broadleaf 

forest, all AMSPEC-III indices were able to capture similar variations in 

photosynthesis throughout the growing season (Figure 5.2e-h). CCI, CIr and PRI 

showed the strongest indications of seasonal changes in photosynthesis during the 
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measurement period (Figure 5.2 e-g). CCI accurately caught the timing of the 

spring transition, but soon after as chlorophyll began to decrease, so did CCI for 

the remainder of the summer (Figure 5.2e). Both CIr and PRI effectively followed 

the spring and autumn transitions, and the magnitude and shape of summer 

photosynthesis before similarly decreasing during the period of senescence and 

winter downregulation. Following a similar increase in spring, NDVI at the 

deciduous forest remained constant (~0.95) for the remainder of the summer. 

While nearly every index indicated the ability to accurately capture broad 

patterns of photosynthesis within both forests, the resultant linear correlations (R
2
: 

Figure 5.2) highlighted the relative difficulty of the indices in capturing day-to-

day variations. When considering 8-day mean measurements (Figure 5.3), the 

seasonal patterns of the coniferous forest were nearly identical to that of the 8-day 

mean air temperature, while the delay in spring photosynthesis at the deciduous 

forest illustrated the physiological controls that help to control activation and leaf-

out (bud-burst) even despite increasing spring temperatures.  At these time scales, 

the effectiveness of the AMSPEC-III indices in capturing changes in 

photosynthesis during the spring and autumn transition seasons were highlighted 

(Figure 5.3a-c). The higher R
2 

in each case reflects the abilities of the AMSPEC-

III vegetation indices in accurately monitoring the larger deviations that may be 

missed at shorter (i.e. daily) time scales. With the exception of the spring timing 

(i.e. greenup) at the deciduous forest, NDVI again remained constant throughout 

the summer at both forests, emphasizing the relative inability of NDVI in 
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reproducing photosynthetic phenology (Figure 5.3d). Overall, each index 

responded better to the seasonal patterns of photosynthesis at the deciduous 

broadleaf forest as compared to that of the coniferous forest (R
2
; Figure 5.3). 

 

5.4.2 Satellite Remote Sensing Detection of Photosynthesis 

The relationships between EC-measured maximum photosynthetic assimilation 

(GEPMax) and vegetation indices were further explored at both sites over a longer 

study period (2012 to 2017). Without the proximal remote sensing (AMSPEC-III) 

measurements taking place outside of the summer of 2016, satellite based indices 

were instead considered. Satellite measurements included GOSIF (fluorescence), 

MODIS GPP and MODIS FPAR at 8-day temporal resolutions and MODIS 

NDVI at a 16-day temporal resolution. Much like 2016, all years showed similar 

timings of seasonal photosynthesis to that of temperature (Figure 5.4). Satellite 

fluorescence (GOSIF) was shown to be highly correlated to photosynthesis at 

both forests (Table 5.1). In the coniferous forest, seasonal patterns of 

photosynthesis were captured each year by the GOSIF data, but the timing of the 

spring and autumn transitions were delayed and advanced, respectively. 

Conversely, at the deciduous broadleaf forest, the timing of the spring and autumn 

transitions were nearly identical in each year, while the peak summer timing was 

often delayed in the GOSIF data (Figure 5.4a). Instead of correctly capturing peak 

photosynthesis in June and July like the AMSPEC-III indices, the GOSIF data for 

the deciduous forest peaked closer to August, similar to the conifer forest. 
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The seasonal dynamics of MODIS GPP were highly correlated to EC 

photosynthesis during the study period, although GPP often found difficulty in 

capturing photosynthesis in the summer at the coniferous forest (Figure 5.4b; 

Table 5.1). With nearly identical timing of the spring activation and winter 

downregulation at the conifer forest, the GPP underestimated summer 

photosynthesis in every year. On the other hand, seasonal GPP and EC 

photosynthesis at the deciduous broadleaf forest were comparable throughout 

each year, although large seasonal fluctuations in GPP likely resulting from 

unfavorable meteorological conditions (i.e. cloudy conditions), acting to reduce 

growing season correlations (Table 5.1). MODIS FPAR and NDVI have been 

suggested as alternatives for one another, highlighted by the similarities between 

seasonal measurements (Figure 5.4c-d). In both cases, FPAR and NDVI struggled 

to capture the seasonal changes in photosynthesis at the conifer forest, although 

NDVI often performed better, especially at the deciduous forest (Table 5.1). As 

the fraction of absorbed photosynthetically active radiation remained relatively 

constant within the coniferous forest, in most years FPAR mirrored seasonal 

changes in air temperature. Within the deciduous forest, FPAR and NDVI 

appeared to be able to depict changes in seasonal photosynthetic phenology. Both 

indices experienced similar rapid increases and decreases during the spring and 

autumn transition periods, representative of the changes in greenness and canopy 

structure (bud-burst and abscission). 
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5.4.3 Estimation of Photosynthetic Phenology 

The photosynthetic activity measured by EC (GEPMax) data and the satellite 

remote sensing vegetation indices were fitted using double logistic functions to 

determine phenological events such as  the start of the growing season (SOS), end 

of the growing season (EOS), and overall length of the growing season (Table 

5.2; Figure 5.5). The ability of these multiple satellite remote sensing datasets to 

similarly capture key photosynthetic phenological dates is essential for accurate 

estimates of annual forest carbon uptake.  

For EC GEPMax at the conifer forest, the start of the photosynthetic 

growing season (SOS) was effectively captured by the MODIS GPP in all years 

except for 2012. In 2012, increased air temperatures throughout the entire year 

(Table 5.3) advanced the SOS in every dataset, although MODIS GPP 

overestimated the advancement of spring activation. For GOSIF data, a delay in 

the SOS in some cases exceeded a month, highlighting the difficulty in tracking 

spring activation of the conifer forest by satellite fluorescence. In all years, the 

end of greenup (EOG) and the peak growing season timings were closely captured 

by GOSIF data, while GPP often measured earlier phenological dates. Following 

the peak growing season, the phenological dates of senescence marking the 

beginning of the winter downregulation, were much earlier for both GPP and 

GOSIF when compared to GEPMax in all years. For the conifer forest, GPP was 

able to effectively capture the end of the growing season (EOS) in most years. 

Over the 6-year study period, the length of the growing season (LOS) was similar 
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between GEPMax (260 ± 19 days) and GPP (269 ± 29 days), although significant 

differences existed interannually. Lastly, the GOSIF data often calculated a 2-3 

month shorter overall growing season length (193 ± 10 days) than EC GEPMax. 

At the deciduous forest, GOSIF data accurately captured the SOS in all 

years, while MODIS GPP often overestimated an earlier SOS, likely resulting 

from the delayed onset of spring by the Oak (Quercus) dominated forest. While 

GPP effectively captured the rapid spring development of photosynthesis, a much 

slower spring response was seen by GOSIF, with EOG and peak season delayed 

in all years. The timing of senescence (SOB) was similar between both GOSIF 

and GPP, though in all years, this led to an earlier decline than what was 

measured at the forest (GEPMax). However, while MODIS GPP often predicted an 

earlier onset of senescence, the timing was consistent in all years, making it 

highly correlated (R
2
 = 0.93) to EC-measured GEPMax SOB dates. A large 

difference was seen between GOSIF and MODIS GPP at the end of the growing 

season (EOS) at the deciduous forest. Much like GOSIF at the conifer forest, 

GOSIF again captured an earlier EOS, while MODIS GPP EOS was often later, 

comparable to that of the coniferous evergreen forest. During the 6-years of 

measurements, the length of the growing season captured by GOSIF data (171 ± 

11 days) was slightly closer to that of EC-measured GEPMax (192 ± 8 days), while 

earlier modeled early growing season dates (i.e. bud-burst) for GPP led to longer 

MODIS GPP predicted growing seasons (231 ± 18 days).   
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 The relationships and the overall capabilities of these satellite vegetation 

indices in capturing changes in annual photosynthetic phenology were further 

analyzed to understand the role that large scale meteorological conditions may 

play on key dates. At both sites, the MODIS GPP start of browndown (SOB; 

senescence) exhibited a strong positive linear correlation with mean summer 0 to 

30 cm soil volumetric water content (Table 5.3). In each case, dry conditions (i.e. 

lower VWC0-30cm) acted to advance GPP senescence, although in these years 

(2012, 2016, and 2017), similar early senescence was not captured by EC GEPMax. 

Instead, while VWC0-30cm was likely depleted as a result of increased summer air 

temperatures, the higher temperatures helped to prolong the summer and delay 

GEPMax senescence (Table 5.2 & 5.3). At the coniferous evergreen forest, the 

length of the GPP growing season showed a strong dependence on annual mean 

air temperature (R
2
 = 0.92), which was not captured by GEPMax dates. 

 

5.5 Discussion 

5.5.1 Seasonal Patterns of Stand-Level Photosynthesis 

In this study we evaluated the effectiveness of stand-level remote sensing 

techniques in capturing the seasonal dynamics of photosynthetic phenology at a 

coniferous evergreen and a deciduous broadleaf forest. We implemented 

measurements of eddy covariance (EC) maximum photosynthetic assimilation 

(GEPMax) as a proxy for site-specific photosynthetic phenology. The EC method 

has been well regarded by micrometeorologists as an effective tool in detecting 
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the CO2 (photosynthesis and respiration) exchange between the atmosphere-forest 

canopy boundary (Baldocchi, 2003; Wohlfahrt & Gu, 2015). During the growing 

season of 2016, these GEPMax measurements were compared to vegetation indices 

derived from similarly located, tower-based AMSPEC-III systems; providing 

cost-effective, portable detections of canopy photosynthesis (Tortini et al., 2015). 

The measured indices (CCI, CIr, PRI, and NDVI) captured clear responses to the 

seasonally changing air temperatures and EC measured photosynthesis within 

each forest.  

 Seasonal patterns of CCI closely followed gradual changes in temperature 

within the coniferous forest, while the deciduous forest CCI was less responsive 

to increasing temperatures throughout the summer. The cyclical response of the 

coniferous CCI results from the forests (Pinus) overwintering strategy. The 

downregulation of photosynthesis in autumn involves an increase (decrease) in 

carotenoid (chlorophyll) content in coniferous evergreen needles acting to 

enhance photoprotection, and thus reducing CCI (Adams et al., 2004; Ensminger 

et al., 2004). As coniferous evergreen needles annually retain most of their 

needles (and chlorophyll), this process is reversed during spring recovery as 

temperatures began to increase (Bowling et al., 2018). In the deciduous forest, 

with the development of new leaves in spring, chlorophyll pools begin to 

accumulate and peak during summer and often only decline during the initiation 

of senescence in autumn (Polgar & Primack, 2011; Vitasse et al., 2014). 

However, following the May peak, AMSPEC-III CCI at the deciduous forest 
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began to decline for the remainder of the summer, earlier than photosynthetic 

declines in GEPMax. This decline in CCI could be linked to the meteorological 

conditions present during the warm and very dry summer of 2016, where studies 

suggest carotenoid levels increase when plants are exposed to environmental 

stressors (Peñuelas et al., 2013; Gamon et al., 2016). 

 The AMSPEC-III CIr and PRI were shown to be effective at capturing 

seasonal changes in EC GEPMax at both forest sites. With air temperatures steadily 

increasing (decreasing) in the spring (autumn) transition season, coniferous CIr 

responded closely to both photosynthesis and temperature (similar to CCI and 

PRI), while deciduous CIr mirrored the dynamics of GEPMax, not temperature. 

These trends in CIr during the 2016 growing season highlight the ability of red-

edge indices in capturing seasonal photosynthetic phenology, parallel to previous 

studies (Zarco-Tajada et al., 2001; Gitelson et al., 2005). Furthermore, red-edge 

chlorophyll indices have been shown to accentuate altered plant physiological 

conditions (Cepl et al., 2018). Similar to Nestola et al. (2018), the higher 

correlations of CIr to changes in photosynthesis found in both our forests were 

likely improved due to unfavorable conditions (i.e. hot and dry), where shifts in 

pigment composition associated with stressed vegetation can be accurately 

detected by the red-edge index (Gitelson & Merzlyak, 1996; Zarco-Tajada et al., 

2004). AMSPEC-III PRI responded similarly to CCI and CIr at both forests, 

reflecting seasonal changes in chlorophyll and carotenoid pigment pool sizes. 
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Similar to past studies, these results demonstrated the ability of PRI in tracking 

changes in photosynthesis (Sims & Gamon, 2002; Wong & Gamon, 2015). 

 Greenness indices (i.e. NDVI) have been widely used in the past in 

association with measurements of photosynthesis. For the deciduous forest, the 

timing of greenup (bud-burst and leaf-out) in spring was accurately captured by 

AMSPEC-III NDVI. Once summer began, NDVI in the deciduous forest 

remained largely unchanged for the rest of the growing season, much like the 

coniferous forest. At the coniferous forest, the lack of variation in NDVI reflected 

the similar consistency of chlorophyll content observed in coniferous species 

throughout the year (Gamon et al., 1995). Overall, NDVI did not capture plant 

physiological or phenological changes. 

 These results show that the chlorophyll red-edge index (CIr) was the best 

at capturing variations in photosynthesis for both a deciduous broadleaf forest and 

a coniferous evergreen forest during the 2016 growing season. While structural 

indices (i.e. NDVI) have been shown to be beneficial for global monitoring of 

forest canopies (Vescovo et al., 2012), chlorophyll indices (i.e. CCI, CIr, and 

PRI), in our study were shown to capture seasonal changes in photosynthesis. At 

both daily and 8-day time scales the effectiveness of most indices in capturing 

adjustments in seasonal pigment pool sizes for both plant functional types, 

highlights their ability in tracking stand-level photosynthetic phenology within the 

temperate forests of southern Ontario.  
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5.5.2 Satellite Representations of Photosynthesis 

We further explored the seasonal changes in photosynthesis at the coniferous 

evergreen and deciduous broadleaf forests from 2012 to 2017 through the 

application of satellite remote sensing vegetation indices. Satellite measured 

solar-induced fluorescence (SIF) has been shown to provide an independent 

assessment of terrestrial photosynthesis necessary for phenological monitoring 

(Frankenberg et al., 2014; Li et al., 2018). SIF, emitted by chlorophyll after the 

absorption of solar radiation, is considered a proxy for terrestrial photosynthetic 

activity (Porcar-Castell et al., 2014; Zhao et al., 2018). These satellite-based data, 

along with MODIS GPP, FPAR, and NDVI allow for an introspective approach to 

vegetation satellite remote sensing.  

 Observing both forests, we found strong linear relationships (R
2
) among 

eddy covariance (EC) measured GEPMax and GOSIF and MODIS indices. The 

strongest relationships between the indices and seasonal photosynthetic variations 

were found annually for the GOSIF and MODIS GPP data at both sites, although 

significant relationships also existed for MODIS FPAR and NDVI at the 

deciduous forest. While GOSIF data often captured the seasonal dynamics of 

photosynthesis at each forest, the overall length and shape of the growing season 

often varied from GEPMax. As strong seasonal patterns between SIF and changes 

in chlorophyll have been identified (Wittenberghe et al., 2013), and the 

relationships between stand-level chlorophyll and  
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GEPMax were previously highlighted (AMSPEC-III indices) at both our forests, it 

is likely that the shorter coniferous growing season and irregularity of the 

deciduous spring are attributable to the coarse spatial resolutions of GOSIF data 

(Lu et al., 2018). GOSIF measurements are likely impacted by the significant 

landscape heterogeneity surrounding the forests, resulting from the agriculturally-

dominated landscape. However, the annual relationships between SIF and EC 

GEPMax at our forests (R
2
 = 0.88 – 0.90) was similar to EC-comparative studies 

(Joiner et al., 2014; Yang et al., 2017; Li & Xiao, 2019). 

 The high spatial resolution (500 m) of MODIS GPP led to significant 

relationships with GEPMax at both forests, though interannual deviations were 

more strongly found at the coniferous forest, despite higher annual linear 

correlations. Errors in GPP have previously been mentioned to result from 

meteorological conditions, primarily the estimation of VPD (Zhao et al., 2006; 

Coops et al., 2007). In years, with high VPD (i.e. 2012, 2016, and 2017), MODIS 

GPP at our coniferous forest was likely underestimated, similar to that 

experienced by Heinsch et al. (2006) and Zhao et al. (2006). These reductions (i.e. 

MODIS GPP) responded opposite to that of site temperature and GEPMax. Instead, 

more climatically normal conditions (i.e. 2014), saw higher annual correlations 

between coniferous GEP and MODIS GPP. Similarly, MODIS GPP may also rely 

heavily on FPAR (Turner et al., 2003). With weak correlations between FPAR 

and GEPMax at the coniferous forest in these high VPD years, and the strongest 

correlation between FPAR and GEPMax found in 2014, it is likely that 
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meteorological conditions significantly influenced the GPP at the coniferous 

forest. Lastly, our results are similar to that of Yang et al. (2017) which found that 

the timing of FPAR and NDVI began before spring activation and ended after the 

start of winter downregulation. In this study, greenness indices (i.e. MODIS 

FPAR & NDVI) were shown to be able to track changes in the canopy structure 

and greenness at the deciduous site. 

 

5.6 Conclusions 

This study highlighted the relative ability of different vegetation indices in 

tracking changes in photosynthetic phenology for two forests of different leaf-

strategies (i.e. coniferous evergreen and deciduous broadleaf) in southern Ontario, 

Canada. All proximal remote sensing indices (i.e. AMSPEC-III), with the 

exception of NDVI at the coniferous forest, demonstrated the capability of 

detecting changes in pigment pool size during the growing season of 2016. NDVI 

at the deciduous forest was sensitive to canopy structural changes associated with 

periods of leaf emergence, although no such changes were found for the 

coniferous site. At both sites, the chlorophyll red-edge index (CIr) showed the 

greatest capacity in estimating changes in photosynthetic phenology, likely 

resulting from the meteorological stress induced during the summer of the 

measurement period. These results highlight that red-edge chlorophyll and 

carotenoid sensitive indices strongly reflected changes in seasonal photosynthesis 

measured at the stand-level.   
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 For satellite remote sensing measurements (i.e. GOSIF and MODIS) 

examined from 2012 to 2017, the seasonal absence of variations in chlorophyll 

content experienced in coniferous evergreen trees, led to the relative inability of 

FPAR and NDVI in capturing photosynthesis at the conifer forest. However, the 

strongest relationship between indices and photosynthesis at the conifer forest 

existed during a climatically normal year. For the deciduous broadleaf forest, 

much like AMSPEC-III NDVI, MODIS FPAR and NDVI only captured canopy 

structural changes due to annual leaf development and leaf senescence. GOSIF 

and MODIS GPP were highly correlated to EC GEPMax, although significant 

deviations occurred, likely due to meteorological conditions or spatial 

heterogeneity. These results suggest the implementation of greater spatially 

resolved SIF products in the coming years will greatly benefit the tracking of 

photosynthesis by satellite.  
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Table 5.1: Annual linear relationships (R
2
) between eddy covariance (EC) 

measured GEPMax and satellite vegetation indices (illustrated in Figure 5.4). Given 

the temporal resolution of available data, GOSIF, GPP, and FPAR are considered 

at 8-day time scales, while NDVI was compared at a 16-day time scale. The 6-

year mean annual (Ann) and growing season only (phenological start and end of 

the growing season; GS in bold and italics) R
2
 are also included. Growing season 

correlations were considered to reduce the temporal autocorrelation in winter.  

 

 

Conifer (TP39) 2012 2013 2014 2015 2016 2017 Mean 

GOSIF 
Ann 

GS 
0.872 

0.859 

0.887 

0.848 

0.882 

0.849 

0.885 

0.860 

0.856 

0.836 

0.880 

0.870 

0.877 

0.854 

MODIS GPP 
Ann 

GS 
0.841 

0.652 

0.784 

0.657 

0.923 

0.827 

0.904 

0.817 

0.814 

0.745 

0.856 

0.818 

0.854 

0.753 

MODIS FPAR 
Ann 

GS 
0.298 

0.073 

0.492 

0.366 

0.708 

0.448 

0.665 

0.475 

0.582 

0.630 

0.326 

0.320 

0.512 

0.385 

MODIS NDVI 
Ann 

GS 
0.316 

0.374 

0.616 

0.727 

0.645 

0.446 

0.466 

0.054 

0.545 

0.645 

0.317 

0.372 

0.484 

0.436 
 

 
      

 

Deciduous (TPD) 2012 2013 2014 2015 2016 2017 Mean 

GOSIF 
Ann 

GS 
0.872 

0.724 

0.869 

0.762 

0.909 

0.809 

0.877 

0.720 

0.910 

0.827 

0.857 

0.719 

0.882 

0.760 

MODIS GPP 
Ann 

GS 
0.822 

0.596 

0.835 

0.693 

0.820 

0.598 

0.864 

0.657 

0.774 

0.563 

0.780 

0.571 

0.815 

0.613 

MODIS FPAR 
Ann 

GS 
0.795 

0.478 

0.773 

0.414 

0.646 

0.536 

0.651 

0.619 

0.714 

0.435 

0.651 

0.392 

0.705 

0.479 

MODIS NDVI 
Ann 

GS 
0.836 

0.841 

0.811 

0.782 

0.877 

0.855 

0.881 

0.850 

0.731 

0.809 

0.796 

0.820 

0.822 

0.826 
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Table 5.2: Annual calculated phenological dates, reported as day of year, from 

2012 to 2017. Dates were calculated following Gonsamo et al. (2013) for each 

year and dataset, including: eddy covariance measured GEPMax (italics), GOSIF 

(bold), and MODIS GPP data. 6-year mean and standard deviations included. 

 

Coniferous Forest (TP39) 2012 2013 2014 2015 2016 2017 Mean 

Start of Season      

(SOS, bud-break) 

EC          

SIF     
GPP 

70   

99   
53 

96   

103  
83 

96 

116  
89 

91 

105  
88 

74 

112  
82 

79 

110  
83 

84 ± 12  

107 ± 6   
79 ± 13 

End of Greenup  

(EOG, leaf-out end) 

EC          

SIF     
GPP 

147  

154  
143 

160 

161  
126 

153 

175  
146 

140 

157  
134 

158 

158  
145 

159 

178  
159 

153 ± 8  

164 ± 10   
142 ± 11 

Peak of Season 
EC          

SIF     
GPP 

214 

202  
143 

205 

202  
193 

202 

207  
196 

193 

196  
176 

212 

188  
155 

201 

206  
171 

204 ± 8  

200 ± 7    
173 ± 20 

Start of Browndown  

(SOB, senescence) 

EC          

SIF     
GPP 

271 

247  
184 

258 

242  
264 

258 

239  
250 

257 

237  
238 

270 

231  
202 

248 

234  
203 

260 ± 9  

238 ± 6    
224 ± 32 

End of Season (EOS) 
EC          

SIF     
GPP 

314 

293  
366 

351 

299  
324 

338 

293  
323 

345 

297   
356 

366 

322  
366 

354 

299  
355 

345 ± 17  

301 ± 11     
348 ± 20 

Length of Season 

(LOS, EOS – SOS) 

EC          

SIF     

GPP 

245   

194    
313 

255 

196    
241 

242 

178   
234 

254 

192  
268 

292    

210   
284 

275 

189   
272 

260 ± 19 

193 ± 10    
269 ± 29 

         

Deciduous Forest (TPD) 2012 2013 2014 2015 2016 2017 Mean 

Start of Season      

(SOS, bud-break) 

EC          

SIF     
GPP 

120  

104   
92 

116 

136   
99 

127 

121  
107 

118 

118  
101 

126 

119  
106 

125 

113  
99 

122 ± 5  

118 ± 10  
101 ± 5 

End of Greenup  

(EOG, leaf-out end) 

EC          

SIF     
GPP 

145  

186   
130 

155 

245  
128 

160 

200  
139 

146 

206  
132 

154 

182  
142 

159 

207  
141 

153 ± 6  

205 ± 22  
135 ± 6 

Peak of Season 
EC          

SIF     
GPP 

198 

220   
175 

199 

239  
190 

205 

228  
185 

193 

221  
188 

203 

207  
164 

207 

230  
178 

201 ± 5  

224 ± 11 
180 ± 10 

Start of Browndown  

(SOB, senescence) 

EC          

SIF     
GPP 

257 

242   
235 

249 

222  
260 

255 

247  
242 

249 

226  
254 

262 

232  
218 

261 

242  
230 

255 ± 6  

235 ± 10   
240 ± 15 

End of Season (EOS) 
EC          

SIF     
GPP 

306 

282   
333 

314 

290  
318 

307 

292  
315 

309 

281  
327 

328 

300  
366 

318 

294  
334 

314 ± 8  

290 ± 7   
332 ± 18 

Length of Season 

(LOS, EOS – SOS) 

EC          

SIF     
GPP 

186 

178  
241 

198 

155  
219 

180    

170  
208 

191   

163  
225 

202 

181  
260 

193 

181   
235 

192 ± 8  

171 ± 11    
231 ± 18 
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Table 5.3: Site-specific annual meteorological (i.e. photosynthetically active 

radiation [PAR], air temperature [Ta], vapor pressure deficit [VPD], and 

volumetric water content [VWC0-30cm]) and phenological summer (defined by 

GEPMax) conditions from 2012 to 2017 for the conifer (TP39, bold) and 

deciduous (TPD) forests. The right half of the table includes linear correlations 

(R
2
) between 6-year seasonal and annual meteorological values and phenological 

dates for the SIF and MODIS GPP data at both sites (Table 5.2).  

 

Summer  2012 2013 2014 2015 2016 2017 Coniferous (TP39) 

Total PAR 
(mol m

-2
) 

TP39 

TPD 
5501   
4442 

4418    
3402 

4764    
3506 

5437    
3911 

5382    
4287 

4046    
3783 

GPP 

SOB 

Summer 

VWC 
0.616 

Mean Ta 
(°C) 

TP39 

TPD 
21.1             
22.8 

20.3    
20.3 

19.9    
20.2 

20.0    
20.1 

21.1    
21.8 

20.7    
20.3 

GPP 

Peak 

Summer 

Ta 
0.777 

Mean VPD 
(kPa) 

TP39 

TPD 
0.82    
1.00 

0.64    
0.53 

0.65   
0.53 

0.70   
0.55 

0.74   
0.72 

0.73   
0.57 

GPP 

LOS 

Annual 

Ta 
0.919 

Mean VWC 

(m
3
 m

-3
) 

TP39 

TPD 
0.08   
0.06 

0.10    
0.10 

0.09   
0.09 

0.10 
0.10 

0.07   
0.04 

0.08   
0.07 

SIF 

Peak 

Annual 

PAR 
0.607 

 
 

         

Annual  2012 2013 2014 2015 2016 2017 Deciduous (TPD) 

Total PAR 
(mol m

-2 
yr

-1
) 

TP39 

TPD 
10918   
9071 

10593    
8408 

10906   
8845 

11142   
8994 

11291   
9088 

10426   
8530 

GPP 

SOB 

Summer 

VWC 
0.901 

Mean Ta 
(°C) 

TP39 

TPD 
11.2    
11.8 

9.1     
9.2 

8.1   
8.0 

9.5   
9.2 

9.9   
10.6 

9.9 
10.0 

GPP 

LOS 

Summer 

VWC 
0.788 

Mean VPD 
(kPa) 

TP39 

TPD 
0.48   
0.57 

0.39   
0.35 

0.38   
0.33 

0.43   
0.35 

0.42   
0.42 

0.42   
0.36 

SIF 

LOS 

Summer 

VWC 
0.760 

Mean VWC 

(m
3
 m

-3
) 

TP39 

TPD 
0.11  
0.10 

0.12   
0.11 

0.12   
0.11 

0.11   
0.10 

0.11 
0.10 

0.12    
0.10 

SIF 

Peak 

Annual 

PAR 
0.788 
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Figure 5.1: (a) Location of the deciduous broadleaf (TPD) and evergreen coniferous (TP39) forest sites in southern 

Ontario, Canada with images of the eddy covariance (EC) flux towers and forest canopies within each forest (bottom). 

Sample images of MODIS: (a) NDVI, (b) GPP, (c) FPAR, and also (d) OCO-2 SIF. All images are from 2017, with 

NDVI from day 137 (16-day resolution), while GPP, FPAR, and SIF are from day 145 (8-day resolutions).   
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Figure 5.2: Daily patterns of eddy covariance (EC) maximum photosynthesis 

(GEPMax; µmol m
-2

 day
-1

; green) and AMSPEC-III (black) vegetation indices for 

the conifer (a – d) and deciduous (e – h) forests during the 2016 growing season. 

Indices include: (a & e) CCI, (b & f) CIr, (c & g) PRI, and (d & h) NDVI. Grey 

shading represents the daily range of air temperatures (Ta; °C) measured at the 

same height as EC and AMSPEC-III measurements. The linear correlations (R
2
) 

between daily site-specific GEPMax and each index are also shown. The reader 

should note the different scales for CCI and CIR between sites. 
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Figure 5.3: Patterns of the 8-day mean EC maximum photosynthesis (GEPMax; 

µmol m
-2

 day
-1

; left) and the 8-day mean AMSPEC-III (black; right) vegetation 

indices for the conifer (green) and deciduous (red) forests during 2016 growing 

season. Indices include (a) CCI, (b) CIr, (c) PRI, and (d) NDVI. Grey shading 

represents the daily range of air temperatures (Ta; °C) at each forest. The linear 

correlations (R
2
) of the 8-day data are shown for each site and vegetation index.  
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Figure 5.4: Seasonal dynamics of EC maximum photosynthetic assimilation 

(GEPMax; µmol m
-2

 day
-1

; left) satellite based vegetation indices (black; right) for 

the evergreen conifer (green) and deciduous broadleaf (red) forests from 2012 to 

2017. Indices include: (a) GOSIF, (b) MODIS GPP, (c) MODIS FPAR, and (d) 

MODIS NDVI. Grey shading represents the range of Ta at each forest. The 

temporal resolution shown are (a – c) 8-day and (d) 16-day mean data.  
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Figure 5.5: The seasonal course of the modeled phenological double logistic 

functions of EC maximum photosynthetic assimilation (GEPMax; µmol m
-2

 day
-1

; 

left) and (a & b) satellite based GOSIF (right) and (c & d) MODIS GPP for the (a 

& c) evergreen conifer and (b & d) deciduous broadleaf forests (both in blue) 

from 2012 to 2017. Green and brown shading represent the GEPMax phenological 

spring and autumn periods, respectively. The resulting linear correlations (R
2
) 

represent the annual relationships between 8-day GEPMax and GOSIF or GPP. 
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CHAPTER 6: 

SUMMARY AND CONCLUSIONS 

 

6.1 Significance of Study 

This dissertation will help to fill some gaps in the literature on studies of climatic 

impacts on carbon dynamics and photosynthetic phenology in forests growing in 

the temperate climate zone in the Great Lakes Region of northeastern North 

America. To date, few attempts have been made to quantify the annual 

atmosphere-canopy carbon exchanges in the geographically unique subset of 

deciduous forests in southern Ontario, Canada. The forests examined are managed 

for timber production, carbon sequestration, and sustain water resources in the 

region. This study was the first of its kind in providing annual long-term estimates 

of the magnitude of carbon sequestration of these forests. On average, the oak-

dominated forest was a steady sink (200 ± 83 g C m
-2

 yr
-1

) of atmospheric carbon, 

comparable (215 ± 107 g C m
-2

 yr
-1

) to other similar deciduous forests in Eastern 

North America (Gough et al., 2013; Munger et al., 2017; Oishi et al., 2018; Lee et 

al., 2018). Nevertheless, understanding the effects of climate on shaping 

phenological events and carbon fluxes is necessary to evaluate the carbon 

sequestration potential of these forests under future climate warming. This study 

highlighted the importance of mid-summer meteorology in shaping annual 

sequestration. An interesting finding was that soil moisture was shown to have 

very little impact on photosynthesis, in contrast to an oak forest in Ohio, USA, 



Ph.D. Thesis – E. Beamesderfer      McMaster – School of Geography and Earth Sciences   

 

241 

 

P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 
P

h
.D

. T
h

esis –
 E

. B
eam

esd
erfer      M

cM
aster –

 S
ch

o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 P
h

.D
. T

h
esis –

 E
. B

eam
esd

erfer      M
cM

aster –
 S

ch
o
o
l o

f G
eo

g
rap

h
y
 an

d
 E

arth
 S

cien
ces 

 

where soil moisture was a major determining factor for carbon uptake (Xie et al., 

2014). Overall, the net annual carbon sequestration of the deciduous forest was 

shown to be limited by ecosystem respiration. This study further improved our 

understanding of the phenological impacts on carbon fluxes. Contrary to past 

studies (Goulden et al., 1996; Desai, 2010; Dragoni et al., 2011), our results 

suggest longer growing seasons may not lead to enhanced carbon sequestration. 

Instead, this work found that an extended growing season as a result of warming 

may be detrimental to carbon uptake, due to the relationship between temperature 

and ecosystem respiration.  

 

A limited number of studies to date have compared the carbon and water fluxes of 

coniferous and deciduous forests under related climatic forcings. With over 400 

eddy covariance sites measuring forest carbon and water exchange (Baldocchi, 

2008), this study was unique in its ability to capture seasonal responses of these 

fluxes based solely on forest species composition. This dissertation assessed the 

impacts that plant functional types play in responding to variations in climate 

within the temperate forests of Canada. The key difference between forests was 

found in their sensitivities to drought, as carbon uptake was significantly reduced 

at the coniferous forest during hot and dry years. Lastly, this work attempted to 

bridge the gap between seasonal changes in photosynthesis captured by both 

remote sensing and eddy covariance measurements by means of variations to the 

start and end of the phenological growing seasons.  
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6.2 Summary of Results 

Through the comparison of EC measured carbon fluxes and seasonal and annual 

meteorological data, the impacts of climate variations on the carbon sink capacity 

of a managed deciduous forest within the Great Lakes Region of southern 

Ontario, Canada, were studied from 2012 to 2017. This analysis provided insight 

into the dynamics of forest-atmosphere carbon exchanges and helped to better 

understand the role of climate on driving phenological variability, in particular in 

the spring and autumn seasons. This study helped to explore these processes in a 

nearby evergreen needleleaf plantation forest to highlight the role of different tree 

species and leaf-retention and shape strategies in shaping carbon and water 

dynamics for two forests growing under similar climatic and edaphic conditions. 

Furthermore, the seasonal patterns of photosynthesis were assessed by stand-level 

and satellite-based remote sensing vegetative indices at both forests. The main 

findings of this dissertation are outlined in each chapter, summarized below: 

 

Chapter 2 concludes that the annual carbon sequestration of a mature temperate 

deciduous forest was greatly impacted by mid-summer meteorological conditions. 

Interannual temperature variability was highlighted as the dominant control on the 

length of the growing season and timing of carbon fluxes. Throughout the period 

of measurements, even during periods with heat and soil moisture limitations, the 

forest remained a reliable carbon sink. However, with largely consistent annual 
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gross ecosystem productivity (photosynthesis) across all years, seasonal increases 

in ecosystem respiration were shown to limit the amount of carbon sequestered.  

 

Chapter 3 confirms that the phenological length of maximum canopy closure and 

peak photosynthetic activity was driven by seasonal air temperatures. Contrary to 

previous studies, earlier leaf-out in spring was not shown to lead to greater annual 

carbon sequestration. With greater variability in autumn phenological dates than 

that of spring, persistent warming in autumn acted to prolong the growing season 

length, negatively impacting annual carbon sequestration. During the period of 

measurements, the two most productive years (largest carbon sinks) experienced 

delayed starts to the growing season and shorter growing season lengths. These 

phenological trends were also compared to digital camera imagery, which found 

difficulty in capturing peak photosynthesis in summer, but accurately captured the 

changes in greenness associated with the spring and autumn transitional periods. 

 

Chapter 4 compared the annual carbon and water dynamics within two temperate 

forests of different leaf-strategies. Expanding on Chapter 2, this work found that 

both forests were able to consistently sequester significant amounts of carbon. 

The key differences in carbon and water fluxes between forests resulted from their 

sensitivities to drought. While the deciduous forest was less responsive to reduced 

soil water availability, the same conditions negatively impacted the magnitude of 

sequestration in the conifer forest. These results suggest that future adjustments to 
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temperature and precipitation towards more frequent intermittent drought events 

may further impact the potential of carbon sequestration in the coniferous forest. 

 

Chapter 5 demonstrated the ability of various remote sensing vegetation indices 

in tracking seasonal changes in photosynthetic phenology at both forests. Stand-

level and satellite-based indices were able to detect changes in leaf pigment pool 

sizes and canopy structural changes, although irregularities in the satellite indices 

likely resulted from meteorological or landscape (land-use) differences between 

measurements. The findings highlighted the abilities and limitations of remote 

sensing indices in accurately capturing patterns of photosynthesis in our forests.  

 

6.3 Suggestions for Future Research 

The findings in this dissertation raised further questions that should be considered 

in future studies at the Turkey Point Observatory and the surrounding region. In 

this dissertation, annual photosynthetic phenology was calculated within 

similarly-aged forests. However, tree age may play an essential role in the timing 

and duration of photosynthesis and growth in coniferous species (Zheng et al., 

2018; Albert et al., 2019). Given that the Observatory has an age-sequence of 

forest stands with 17 years of carbon flux measurements (from 2003 to 2019), the 

age-related responses of each forest to climate in terms of phenological variability 

should be assessed. Furthermore, the long-term datasets at each forest may be 

suitable for detecting variances or trends in phenology that may otherwise remain 
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unnoticed. For example, in the deciduous broadleaf forest, the practice of 

applying above-canopy measurements of photosynthesis for phenological 

applications results in the failure to partition the phenological impact of 

understory development. The spring leaf expansion of understory species may 

precede the canopy development, which may influence carbon fluxes (Augspurger 

et al., 2005; Vitasse, 2013). The implementation of an additional eddy covariance 

system in the forest understory, during the spring and autumn transition seasons, 

could provide innovative and interesting insights on the role of understory 

development in the carbon-sequestration capacity of the forest, and the 

differences in the timing of phenological events. Finally, the unique long-term 

data records at the mature forest stands, will allow the assessment of the potential 

response of carbon fluxes to future warmer climates in the region, through 

analysis of interannual variability of carbon fluxes and climatic variables. Such 

long-term datasets may help in the validation of biogeochemical models or remote 

sensing vegetation indices (Running et al., 1999; Baldocchi et al., 2003) in future 

studies. It would also be interesting to combine measured data with model 

simulations to test the future predictions for phenological variability in the region 

under changing climates and increased urban crawl.  
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