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Abstract 

ECOPHYSIOLOGICAL EXPLANATIONS FOR SPATIAL AND TEMPORAL VARIATIONS 
IN AUTUMNAL COLORATION WITHIN THE CANOPIES OF ORNAMENTAL RED 

MAPLE (ACER RUBRUM ‘ARMSTRONG’) AND FREEMAN MAPLE (ACER X 
FREEMANII) TREES 

 
Claire Marie Martin 

B.S., West Virginia University 
M.S., Appalachian State University 

 
Advisor: Howard S. Neufeld, Ph.D. 

 
Some urban red maples (Freeman maples, Acer x freemanii) turn red at the top of the 

canopy before the bottom, while others turn simultaneously all over (A. rubrum ‘Armstrong’). 

My research investigated the ecophysiological mechanisms governing spatial and temporal 

variation in autumnal red coloration in both tree varieties. We compared leaves from the top (8-9 

m) and bottom (2 m) of the canopy to see if coloration differences arise from environmental or 

physiological differences, or both. We used a bucket truck to reach leaves and weather stations to 

measure microclimates at the two heights. Wind speed and solar energy were the only 

environmental variables that differed between upper and lower leaves. Wind speed was higher in 

the upper canopies of both species. Solar energy input was higher in the upper canopy of the 

Freeman maples, but not the Armstrong maples. Lower leaves of Freeman maples leafed out 7 

days earlier and persisted ~25 days longer into the fall than those from the top, resulting in 

longer leaf lifespans by ~32 days. Mid-summer chlorophyll content in Freeman maples was 

higher in lower leaves, and in fall, anthocyanins accumulated earlier and to greater amounts in 

upper leaves, whereas no such differences occurred in Armstrong maples. Photosynthetic rates at 

saturating PAR and nitrogen contents were higher in lower leaves of Freeman maples but did not 

differ in Armstrong maples. Earlier and greater accumulation of anthocyanins in upper leaves 
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correlated with their lower nitrogen content, a factor known to elevate leaf anthocyanin content. 

Lower nitrogen in upper leaves could be the proximate driver for early anthocyanin synthesis in 

upper leaves, and a bet-hedging strategy to avoid high light-cold temperature photoinhibition in 

early fall, but we do not know the ecophysiological reasons for why this occurs in Freeman, and 

not in Armstrong maples. The results of this study provide insight into intra-canopy variation in 

leaf ecophysiology of open-grown trees in an urban environment.  
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Introduction 

Red maple (Acer rubrum) is an extremely abundant and adaptable hardwood species that 

occupies a wide geographical range from Southern Canada to Florida and as far west as 

Minnesota and Texas (Crowder 2015). This species is well known for its striking red fall foliage 

and several varieties have been developed specifically for their brilliant autumn displays (USDA 

2012), which are due to the abundant production of anthocyanins, the main pigment responsible 

for the red coloring (Chalker-Scott 1999; Field et al. 2001). Mature red maples can reach an 

average height of 28 m, with a trunk diameter of 46-76 cm, and are moderately shade tolerant. 

They are common in a variety of ecosystems, including, but not limited to, mountainous regions 

with good drainage, moist swamps, riparian zones, and urban areas (Hutnik and Yawney 1961; 

Crowder 2015). This species can also withstand a wide range of soil types, including those with 

high pH (DeForest and McCarthy 2011). Their hardiness and striking red color make them 

popular ornamental trees for urban environments.  

Freeman maple (Acer x freemanii) is a hybrid of silver (A. saccharinum) and red maple 

(A. rubrum) that is often planted in urban areas. Freeman maples are typically categorized as red 

maples; however, they are botanically recognized as Acer x freemanii (Sibley et al. 1995).  They 

are bred for the hardiness and coloration derived from the red maple progenitor and the fast 

growth rate of the silver maple progenitor (McNamara et al. 2005) and are generally marketed as 

stress resistant (Bachtell 1989). The first controlled hybridization of red and silver maples was 

conducted by Freeman (1941) in 1933, but there are now many naturally occurring 

hybridizations that are considered Freeman maples.  

Phenological Patterns 

Red maples are one of the first trees to flower in the spring (USDA 2000). After 

flowering, red leaf buds open, and in forests, the leaves usually unfold from the top of the canopy 



2 
 

down once flowering is completed (Koike et al. 2001). The timing and duration of fall leaf color 

in red maples can vary widely among varieties. In the Southeastern US, some varieties of red 

maples display fall coloration for a longer period of time than Freeman maples; for example, the 

Acer rubrum ‘October Glory’ can retain leaves and red coloration into November (Sibley et al. 

1995). Freeman maples are known to reach peak color earlier than other maple species (Sibley et 

al. 1995). In the southeast US, maples typically start early, followed by sourwoods, blackgums, 

and then oaks (Neufeld, personal observations).  

New leaves are usually red in the early stages of development, turn green when they 

reach maturity, and then return to red during senescence in the fall (Hutnik and Yawney 1961; 

Hughes et al. 2007). Spring reddening is related to the developmental stage of the leaf. When the 

leaf is young, and the cells are densely packed, the diffusion of CO2 within the leaf is restricted, 

which may limit rates of fixation in the chloroplast, and coupled with cool temperatures and high 

light, lead to photoinhibition and damage, especially to the D1 protein of Photosystem II. Once 

leaves expand, and airspaces are created, primarily in the spongy mesophyll, the diffusion of 

CO2 is enhanced and it is no longer as limiting to the chloroplasts (Hughes et al. 2007).  

The proximate causes of reddening in the fall may be similar to those in the spring (Lev-

Yadun et al. 2012), with the exception that in the fall, leaves are fully mature with adequate 

airspaces for the diffusion of CO2. Yet, the same selective pressures may be at work at this time 

of the year, because at this time of the year, low temperatures can be coupled with high light, and 

this results in reduced stomatal apertures that in turn limit the diffusion of CO2 into the leaf, and 

they limit the activity of the Calvin Cycle, resulting in an imbalance between electron transport 

and carbon fixation. And as in the spring, this can result in the production of reactive oxygen 

species, membrane damage, and destruction of the D1 protein, similar to the conditions that led 
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to photoinhibition in the spring (Agati et al. 2021). However, there are probably subtle 

differences in the inciting factors between spring and autumn, such as daylength, the degree and 

frequency of cold snaps when leaves are present, and the physiological capabilities of immature 

vs mature leaves, that result in different induction cues. For example, if a species has red leaves 

in autumn, it almost always has red leaves in spring, whereas only about half of those whose 

leaves are red in spring also have red leaves in autumn (Yev-Ladun et al. 2012). 

Anthocyanins may also serve to protect leaves from photooxidative damage so they can 

reabsorb essential compounds like nitrogen, manganese, and iron back into the stem (Dickson 

and Shive 1982; Feild et al. 2001; Hoch et al. 2001; Brant and Chen 2015), although this theory 

has recently been challenged (Pena-Novas and Archetti 2021; Agati et al. 2021). Anthocyanins 

may act as honest signals of leaf quality to deter potential herbivores (Archetti 2000, Archetti 

and Brown 2004), although the evidence for this is quite limited. Finally, it is also possible that 

both sets of theories could be true, as they are not mutually exclusive (Archetti et al. 2009).  

Intra-canopy Variations in Leaf Attributes - Morphology 

Leaf physical attributes, including area and leaf mass per area (LMA), as well as 

phenological and physiological attributes such as coloration and growth patterns, can vary not 

only among species, but within the canopy of individual trees (Koike et al. 2001). There are 

numerous reasons for this. For example, leaf size may be related to intra-canopy variations in 

water potential, which may affect leaf expansion. Upper leaves are often subject to lower 

potentials due to their greater exposure to light and potentially higher evapotranspiration rates, 

but also because the gravitational component of water potential would be greater than for lower 

leaves. Under both conditions, upper leaves would have lower turgor pressures and hence less 

leaf expansion (Hsiao 1973; Coble and Cavaleri 2014).  
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Studies show that LMA, the ratio of leaf weight to area, is a function of both leaf 

thickness and density (Poorter et al. 2009) and tends to increase with height in the canopy of 

many species (Hutchison et al. 1986; Marshal and Monserud 2003, Coble and Cavaleri 2014, 

Paz-Dyderska et al. 2020). This may be due to that fact that upper leaves receive more sunlight 

and thus develop a thicker palisade mesophyll (Nobel et al. 1975), or, it may result from lower 

water potentials and reduced cell expansion, both of which contribute to a greater density (Villar 

et al. 2013).  

There can also be variations in stomatal density and size within the crown of trees (Lei 

1998; Eensalu et al 2008). Red maples have increased stomatal density on shaded leaves 

compared to those in higher light (Lei 1998). In other plants though, leaves in higher light have 

greater stomatal densities, which may seem paradoxical, as one might expect it always results in 

higher transpiration rates, and therefore more water stress. But when stomata are positioned close 

to each other, their diffusion shells overlap, which reduces the vapor pressure deficit above the 

stomatal pores, lowers stomatal conductances, and can actually decrease transpiration rates 

(Lehmann and Or 2015; Papanatsiou et al. 2017). Plants with larger stomata, but at lower 

densities, tend to have higher water use efficiencies, sometimes at the expense of lower 

photosynthetic rates, compared to plants whose leaves have more numerous, but smaller stomata 

(Drake et al. 2013). Maximum photosynthetic rates (Amax) can also vary depending on stomatal 

density, with leaves that have more stomata associated with an increased photosynthetic capacity 

(Tanaka et al. 2013). 

Intra-canopy Variations in Leaf Attributes – Hormones and Nutrients 

In addition to morphological differences among leaves in different portions of the tree 

canopy, there can also be intra-canopy differences in nutrients and hormone levels and these may 
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alter the physiology of leaves. For example, researchers have found higher concentrations of 

cytokinins in upper than lower leaves of sugar maples, and these levels were also positively 

correlated with leaf gas exchange rates (Held et al. 2005; Reeves et al. 2007; Reeves and Emery 

2007).  

Nitrogen from the soil is transported from the roots to the rest of the tree crown in the 

xylem (Pate 1973; Tischner 2000). Nitrogen availability can be a limiting factor in tree carbon 

gain (Chapin et al. 1987), so trees have evolved to allocate nitrogen in ways that maximize 

carbon uptake and growth (Feild 1983). Where there is substantial within-canopy shading, such 

as happens in closed forest canopies, or in dense stands of perennial old-field herbs, nitrogen is 

re-allocated to those leaves that receive more light and are therefore more physiologically active, 

especially with regards to photosynthetic carbon gain (Hirose and Werger 1987; Terashima and 

Evans 1989). More recently, Peltoniemi et al. (2012) suggest that with respect to light, nitrogen 

is only optimally allocated if hydraulic conductance to water is also. Their reasoning is that 

leaves in high light can only take advantage of the high nitrogen to carry on high rates of 

photosynthesis when they are optimally supplied with water, because that allows them to 

maintain open stomata and for CO2 to enter the leaf. Again, such variations within the crown 

could be related to color variations found in the fall, since low nitrogen is associated with greater 

anthocyanin production (Schaberg et al. 2003) 

Autumn Coloration and its Functional Significance 

Autumn in temperate regions around the world is characterized by the change in leaf 

color of deciduous trees from green to orange, yellow, brown, and red. Oranges and yellows 

appear during chlorophyll degradation and are due to carotenoids (Krautler et al. 1991; 

Hortensteiner 2006) which are always present in the leaf, but are overshadowed in the summer 
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by the more abundant chlorophyll (Matile et al. 1992). Only when the chlorophyll is degraded do 

these compounds become visible to the eye. Red pigmentation, on the other hand, results from 

the synthesis of anthocyanins, which are water soluble flavonoid compounds found in the 

vacuoles of plants (Lee et al. 1979; Gould et al., 2000; Harborne and Williams 2000; Hughes et 

al. 2007). Anthocyanins absorb UV wavelengths of light (280-320 nm; Radyukina et al. 2019) as 

well as green-yellow light (centered on 530 nm) in the visible spectrum (Ferreyra et al. 2021). 

Plants at high elevations, where UV radiation levels are higher, often accumulate anthocyanins in 

their adaxial epidermal cells (Miret and Munne-Bosch 2015) and it is thought that this serves a 

protective function, most likely by minimizing damage to DNA, RNA, proteins and membranes, 

and by reducing the production of toxic reactive oxygen species (Ferreyra et al. 2021).  

In the visible spectrum, anthocyanins function to protect the photosynthetic apparatus 

from those conditions that can create an imbalance between electron transport and carbon 

fixation, such as when leaves are young and dense cell packing restricts CO2 diffusion (Hughes 

et al. 2007), or when mature leaves are exposed to the combination of high light and cold, which 

can induce similar stress (Chalker-Scott 1999). Light is necessary for photosynthesis, but 

excessive amounts, especially when temperatures are cooler, can adversely affect the 

photosynthetic apparatus and lead to membrane damage, production of reactive oxygen species, 

and ultimately, photoinhibition, resulting in a decline in quantum yield of photosynthesis, and 

eventually cell death (Adir et al. 2003). Plants that produce anthocyanins experience reduced 

rates of photosynthesis and suffer less photoinhibition (Nielsen and Simonsen 2011). 

Another explanation is that the anthocyanin pigments protect the underlying cells from 

high light by absorbing the blue-green wavelengths that can be damaging to spongy mesophyll 

cells (Chalker-Scott 1999; Hughes et al. 2007). Anthocyanins may also be honest signals of 
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defense against herbivores (Archetti 2000). That is, brightly colored trees are better protected 

chemically against potential herbivores and bright fall colors would serve as a warning to ward 

off attack (Archetti 2000; Gould 2002; Lee and Gould 2007; Karageorgou and Manetas 2006; 

Schaefer and Rolshausen 2005) Finally, it is quite possible that anthocyanins serve both 

photoprotective and anti-herbivore roles and the debate on this is ongoing (Chen et al. 2021; 

Hughes et al. 2022).   

Fall Coloration and Intra-Canopy Variations 

Leaves of late-successional stage trees turn color first on the outside of the canopy, and 

then later toward the inside where light levels are lower, whereas early-successional trees 

progress in the opposite direction, from the inner to the outer canopy (Koike 1990). Leaves at the 

top of the canopy or at the ends of branches are subject to higher radiation than leaves located at 

lower or more interior locations in the crown and therefore might synthesize more anthocyanins 

for photoprotection (Choinski et al. 2003). Koike et al. (2001), working in a mixed species 

deciduous forest in Japan, also found that photosynthesis in the upper canopy of the maple Acer 

mono, in mid-summer, was lower than that in the lower canopy, possibly due to photoinhibition. 

However, upper leaves had higher maximum rates of photosynthesis (Amax) at high light than 

lower, shade-grown leaves in this same species. They also found that ambient CO2 was generally 

higher closer to the ground, and leaves senesced earlier on the top of the canopy in maples, 

which suggested a correlation between CO2 and delayed senescence.  

Amax can vary depending on the location of the leaf in the canopy (Bassow and Bazzaz 

1997) and is usually greater in leaves at the ends of branches or at the top of the canopy, where 

light levels are higher, compared to shaded, interior leaves. Upper canopy leaves are also known 

to have more chloroplasts (Crous and Ellsworth 2004). However, in the dry season, as stomata 
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close and transpiration rates decrease, Amax in the upper canopy may decline as leaves become 

more water stressed (Sendall et al. 2009).  

 Photoinhibition occurs when leaves absorb excess light (more than what is necessary for 

photosynthesis), resulting in decreased photosynthetic capacity (Öoquist et al. 1992; Long and 

Humphries 1994). This can occur when there is a combination of drought, low temperatures, and 

high light in the fall (Beadle and Sands 2004) and may be one reason why upper canopy leaves 

in some Acer species senesce before those in the lower canopy (Koike et al. 2001).   

It is also possible that leaves in the upper canopy of maple trees may experience greater 

water stress and reduced nitrogen content, which might promote the formation of anthocyanins 

(Cobbina and Miller 1987; Nozzolillo et al., 1990; Balakumar et al. 1993). For example, in sugar 

maples (A. saccharum), anthocyanin production in leaves is higher in leaves with low N and 

further stimulated when combined with cold temperatures (Schaberg et al. 2003). Osmond et al. 

(1980) found that shaded leaves have a higher ratio of nitrogen to chlorophyll which enables 

higher rates of photosynthesis, presumably because of higher RUBISCO amounts. If leaves in 

the upper canopy are more exposed than those in the lower canopy, and also subject to the 

resource limitations discussed above, then this might explain why they turn red sooner in the fall. 

There could also be interacting factors that might affect the phenology of upper and lower 

canopy leaves. For example, in a study of olive trees, south-facing leaves received more sunlight 

and had more N than north-facing leaves, indicating that light exposure and N content were 

interrelated. This could make the intra-canopy pattern of leaf reddening in the fall spatially more 

complicated than previously thought (Perica 2006).  
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Microclimate of Urban Trees 

 Urban tree species are subject to unique microclimates, depending on where they are 

planted (Kjelgren and Clark 1992). Trees themselves may alter the microclimate by intercepting 

light and cooling that portion of the canopy and the surrounding air that becomes shaded (Gill et 

al. 2007; Rahman et al. 2019). When trees are planted singly, often in rows adjacent to roads, and 

are highly exposed on all sides, they can develop fairly dense canopies that become effective at 

both temperature stratification and attenuating light along the vertical gradient of the crown 

(Armson et al. 2013, Rahman et al. 2015). 

 The effects of wind on the leaves of urban trees can vary depending on their height above 

the ground. Wind speeds tend to be lower closer to the ground (Daudet et al. 1999; Geiger et al. 

2003), while temperatures and VPD (vapor pressure deficit) are less variable (Daudet et al. 1999) 

and such microclimatic differences may differentially influence leaf development. If wind speeds 

vary throughout the tree canopy, they can also alter the leaf boundary layer conductance, thereby 

influencing leaf gas and energy exchange rates (Daudet et al. 1999; Aphalo and Jarvis 1993; 

Telewski 1995). Furthermore, high wind velocities can induce mechanical strain and abrasion 

which can induce stomatal closure and lower photosynthetic rates, and in some cases, result in 

reduced leaf expansion and smaller leaf sizes (Telewski 1995).  

Implications of Study 

Urban grown trees experience a different growing environment from those in forests 

because they grow in more open locations, where even the leaves at the lower portion of the 

canopy can still receive high light and high wind levels. They are also less subject to vertical 

stratification of atmospheric CO2 and temperature. The intra-canopy patterns of fall coloration 

and their adaptive significance of reaching senescence at different times throughout the canopy 
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can provide insight into urban tree growth and perhaps help foresters manage trees in 

metropolitan areas.  

Objectives 

Although there is some research on intra-canopy variation of trees growing within mixed 

deciduous forests, and some for agricultural crops (Perica 2006), there are no physiological 

investigations into why leaves on some ornamental maples turn red first at the top of the tree, 

while others turn red all over at nearly the same time. My objectives in this study were to 

monitor red maple leaf development, phenology, and ecophysiology, over the growing season, 

for two maple varieties, each growing on different sites in Boone, NC. One variety, the Freeman 

maple (FM), has leaves turn red first in the upper, outer canopy, then later in the lower canopy, 

while in the other variety, Armstrong maple (AM), all of the outer leaves turn red at about the 

same time.  

To determine why there were differences in the pattern of autumn coloring between the 

two maple varieties, I tested the following three hypotheses: 

Hypothesis 1: Differences in microclimate between upper and lower leaves is correlated with the 

pattern of fall coloration. 

Hypothesis 2: Differences in physiology between upper and lower leaves are responsible for the 

observed patterns of fall coloration. 

Hypothesis 3: Both microclimate and physiology interact to determine the patterns of fall 

coloration. 
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Methods and Materials 

 Study Site and Maple Varieties 

I sampled 10 maple trees in Boone, NC during the growing season of 2021. Five of them 

(Acer rubrum ‘Armstrong’; hereafter AM) were located on Appalachian State University (ASU) 

property adjacent to the State Farm Parking Lot, while the other five (Acer x freemanii 

‘Freeman’; hereafter FM) were located along Rt. 105 at the Bubbles Car Wash at the south end 

of town. The FM trees change color at the top of the tree first, and the Armstrong change at the 

same time throughout (Figure 1). Both sets of trees were approximately 10 m tall. I rented a 

bucket truck with operators from either the ASU Physical Plant or New River Light and Power, 

in order to access both the upper and lower leaves for my project (Figure 2). Red maples are 

known to produce long-shoots and short-shoots (Critchfield 1960; Wilson 1966), which differ 

morphologically (Niklas and Cobb 2010). Because of the differences, all measurements were 

confined to short-shoots rather than long-shoots.   

 
Figure 1. Freeman maple (A) in September and Armstrong maple (B) in October. 
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Figure 2. Taking measurements in 
October using the bucket to reach the 
upper leaves of Freeman maples at 
the Bubbles Carwash. Height of the 
bucket is approximately 8 m. Note 
how the upper leaves have turned red 
before the lower leaves in this maple 
variety. 
 

 

 

 

 

 

 

Study Area 

 Boone (36°12′41″, -81°40′7″ ) is located in the Blue Ridge Mountains of Western North 

Carolina and has an elevation of ~1016 m. Boone features a subtropical highland climate, and 

has an average total precipitation of 1,500 mm annually. The average winter temperature is 

−0.3 °C and the average summer temperature is 20.2 °C (NOAA 2021).  

Microclimate Measurements 

 To determine if differences in microclimatic conditions between the upper and lower 

canopy locations might be correlated with differences in leaf phenology, physiology, and 

coloration, I placed weather stations at two heights (2 m and 8 m) on poles located adjacent to 

my sample trees at both sites (Figure 3). Data were recorded at 5-minute intervals and 

downloaded periodically to a laptop computer. Due to technical difficulties at the lower State 

Farm site, the meteorological data from that site is incomplete. Meteorological variables 

measured included temperature (oC), wind speed (m/s) and direction, humidity (%), and solar 

https://geohack.toolforge.org/geohack.php?pagename=Boone,_North_Carolina&params=36_12_41_N_81_40_7_W_type:city
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radiation (W/m2) from July through October of 2021 using Davis Vantage Pro2 weather stations 

(Davis Instruments, Hayward, CA).   

  
Figure 3. Weather stations at 2 m and 8 m on poles at both sites. 
Figure on right shows placement of anemometer and wind vanes 
opposite of the main weather station, to avoid shading of the light 
sensor and interference with the precipitation collector.  

 

 

 

Phenology 

 I was interested in whether patterns of coloration in the fall could have resulted from 

differences in the phenology of leaves located in the upper and lower portions of the canopies of 

my study trees. To assess phenological patterns, I began monitoring the FM in March of 2021 for 

leaf development using binoculars to view the upper canopy. Three branches from the upper 

canopy and three from the lower canopy were selected and bud development was followed using 

a rating scale of 1-7, following the protocol of Skinner and Parker (1994; Figure 4). Because the 

AM were added to the study later in the season, I was not able to obtain bud break or leaf out 

data for this variety. 
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 In the fall, I began monitoring leaf survivorship through to total senescence. I selected 

and flagged three branches from upper and lower canopies of each of my trees. Each week, I 

counted how many leaves remained on the branch, starting at the 10th pair of leaves and counting 

towards the distal end of the branch.  

 

Figure 4. Bud development followed a rating scale of 1-7. (A) Bud with a rating of “3”, (B) leaves on left with a 
rating of “7”, while unfolding leaves on the right are rated a “6 “.   

 

In order to monitor how color change progressed throughout the canopy, I took 

photographs of the trees at both sites throughout the season until the time when no leaves were 

left in late fall. I divided the tree canopy into four sectors: upper, mid-upper, mid-lower, and 

lower (Figure 5), and estimated the proportion of each canopy sector that was green using a scale 

that ranged from 0% to 100% green.  

Leaves on my sample trees at the State Farm site began to exhibit marginal scorching in 

late August (Figure 6). Over the next few weeks, the condition of these trees continued to 

deteriorate. After discussing this with physical plant personnel, it was determined that this might 

be salt injury, since the road adjacent to these trees was routinely salted in winter. Because of 

this, and the fact that by 3 weeks later the trees had completely defoliated (Figure 6), I shifted my 

sampling to another set of 5 trees farther down the road where no salting had been done. These 
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trees, which were planted at the same time as the others and were growing similarly, appeared 

healthy for the rest of the season, and were used in all subsequent sampling at this site. 

 
Figure 5. An example of the canopy locations on Freeman maple trees used for estimating the percent of leaves still 
green.  
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Figure 6. (A) Armstrong maples exhibiting suspected salinity 
damage in late August. Symptoms are similar to salt damage.  
(B) Leaf fall shown on entire tree. Trees adjacent to these, but 
not subject to salt applications, were used for the remainder of 
the study.  
 

 

Anatomy and Morphology 

Stomatal Characteristics 

Stomatal density was assessed to determine if there might be anatomical differences 

between the different canopy locations. Sections were imprinted on dental sealant (low density 

polysiloxane) to assess stomatal density and size. Once the dental sealant hardened (2 mins) the 

molds were stored in envelopes for future analysis, at which time positive impressions were 

made by coating with clear nail polish and then mounting on slides for viewing, using a 

compound microscope at 200x magnification (Figure 7). I counted three fields on the abaxial 

surface for each leaf for stomatal densities using an Olympus IX-81 light microscope 

(Mickelbart 2019).  

A B 
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Figure 7. Stomatal impression on the abaxial surface of an upper Freeman maple leaf. Magnified at 200x.  
A stomate is outlined in green.  

 

Leaf Areas and Weights 

I collected intact leaves from the upper and lower canopies of both maple varieties at 

each sampling time over the season and measured their total area using Blackspot, a shareware 

program that uses a Canon high resolution scanner (Varma and Osuri 2013). The accuracy of this 

program is 99% or better, using known standards (Krogmeier 2021). Afterwards, I placed them 

in a drying oven for at least 24 hours at ~65oC, after which I obtained their dry weight. I 

calculated LMA as the ratio of leaf dry weight to area (g/cm2).    
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Physiological Measurements 

 Gas Exchange 

A Li-Cor 6800 portable gas exchange system (Li-Cor, Inc., Lincoln, NE) outfitted with 

the 6 cm2 cuvette and LED lighting, was used at approximately monthly intervals from May to 

August to measure gas exchange of upper and lower leaves for both maple varieties. I used a 

bucket truck rented from the ASU Physical Plant, except for a few weeks in mid-summer when 

the truck malfunctioned and had to be repaired. Measurements were restricted to between the 

hours of 9 am and 12 pm on days with full or partial sunlight and low wind speeds.  

I conducted light response curves in late May/early June on one leaf per canopy location 

per tree at a height of 8-9 m and another one at 2-3 m. PAR (photosynthetically active radiation) 

levels used for building the light response curves were applied as follows: 1500, 1250, 900, 600, 

450, 250, 100, 50, and 0 µmol m-2 s-1. I set the cuvette temperature to the closest temperature to 

ambient at the time of measurement, relative humidity to 50%, and the cuvette CO2 to 415 ppm. I 

gave the leaf time to equilibrate at 1250 µmol m-2 s-1 before starting the light curve. I conducted 

light curves on two trees per day, for two days in a row, resulting in four trees total per site. The 

following week, I repeated this at the other location. From these curves I extracted the following 

parameters: DR, the rate of respiration in the dark; LCP, the light compensation point, which is 

the PAR at which Anet (net photosynthesis) is zero; AQE, the apparent quantum efficiency, a 

measure of the linear increase in Anet per unit increase in PAR received over the light-limited 

portion of the curve; LSP, the light saturation point, which is the PAR at which Anet reaches its 

maximum value (Amax); and A2000 which is A when PAR is 2000 µmol m-2 s-1.  
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Light response curves were fit, where possible, in SigmaPlot v. 14.5 (Systat Software 

Inc., Chicago, IL) using a three-parameter exponential rise to maximum curve: 

   𝐴𝑛𝑒𝑡 = 𝐷𝑅 + 𝑎(1 − 𝑒(−𝑏∗𝑃𝐴𝑅))    (1) 

where:   

Anet is net photosynthetic rate, DR is the estimated dark respiration at zero PAR, a and b 

are parameter estimates, and PAR is the light intensity. Some of the curves showed unusual 

depressions at high PAR and were not able to be modeled using the equation above. For those 

curves, I extracted A at the PAR where it was maximal, and at maximum PAR (A2000). 

On the third day of each week, I conducted rapid A-Ci curves on the same four trees at 

each of the locations. For these curves, the vapor pressure deficit of the leaf was set to 1.5 kPa, 

and the light level at 1250 µmol m-2 s-1. In between trees 1 and 2 and between trees 3 and 4, I ran 

the program with an empty cuvette to obtain the leak correction for this protocol. Leaves were 

equilibrated at saturating light at a CO2 concentration of 415 ppm. Once stable, the CO2 was 

reduced to 10 ppm and when the sample chamber reached that level, I started the automatic A-Ci 

program. With this technique, the CO2 concentrations were ramped up at a rate of 100 ppm/min 

until they reach a maximal concentration of 1010 ppm. Post-measurement analysis consisted of 

correcting the values for any leaks and then determining the rate of A when internal CO2 

concentration (Ci) was 350 ppm.  

In August, once leaves started to change color, I modified the measurements in order to 

collect gas exchange data more frequently, due to time and budget constraints. I made gas 

exchange measurements at a PAR of 1250 µmol m-2 s-1 and in darkness. I continued doing the 

rapid A-Ci curves as before.  
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Water Potential Measurements 

I measured leaf water potentials (ψleaf) of upper and lower canopy leaves using a 

Scholander Pressure Chamber (PMS, Inc., Corvallis, OR) on the same days that I measured gas 

exchange. I detached the leaves when I was in the bucket, immediately placed them in a plastic 

bag, removed excess air, and then dropped them down to an assistant who placed them in the 

pressure chamber. A total of 3-4 leaves from both the upper and lower locations were measured 

per tree before going to the next sample tree, which minimized the time differences between the 

measurements for upper and lower leaves.  

Leaf Pigment Measurements 

Each time I measured gas exchange, I also collected three leaves from each canopy 

location for each of the five replicate trees per site. I placed these leaves in a cooler and took 

them back to the lab, where I used a hole puncher to collect three samples (0.28 cm2 each) from 

each leaf. Samples were placed directly into plastic vials containing N, N-dimethylformamide 

(DMF) for chlorophyll extraction and then refrigerated in the dark at 5oC for at least 48 hours. 

After extraction, sample absorbances were measured in quartz cuvettes, using a Shimadzu Model 

1200 spectrophotometer (Shimadzu Corp., Kyoto, Japan). After zeroing at 720 nm, samples were 

measured at wavelengths of 470, 647, and 664 nm and chlorophyll concentrations were 

determined using the equations from Porra (2002). Anthocyanins were extracted using a 

methanol:6 M HCL:water solution (23:7:70 v:v:v) for two days in the refrigerator at 5oC and 

absorbances read at 530 and 653 nm. I used equations from Gould et al. (2002) to determine 

anthocyanin levels.  
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Leaf Nitrogen Analyses 

Six leaves from each tree were collected (three from the upper canopy and three from the 

lower canopy) once during the middle of the growing season (August 4th for both varieties) and 

again during late senescence (September 28th for upper FM leaves and October 27th for lower 

leaves; October 27th for upper and lower AM leaves) to measure their nitrogen content. I also 

measured leaf areas and weights as described earlier. Senescent leaves were those that easily 

detached with a slight tug. I dried the leaves to constant weight at 60°C and then sent them for 

analysis to the nutrient testing lab at the University of Georgia Extension Services. Nitrogen 

amounts in summer (Nsummer) and fall (Nfall) were expressed as a percent of leaf dry weight, and 

nitrogen retranslocation efficiency calculated according to Wang et al. (2020) as:  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑅𝑒𝑡𝑟𝑎𝑛𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 = (1 − (
𝑁𝑓𝑎𝑙𝑙

𝑁𝑠𝑢𝑚𝑚𝑒𝑟
) ∗ 𝐶𝐹) ∗ 100    (2) 

where CF is a correction factor for the change in mass from summer to fall and is equal to 

LMAfall/LMAsummer (Vergutz et al. 2012). 

Statistical Analysis 

I performed statistical analyses using Microsoft Excel (Microsoft Corporation, Redmond, 

WA), and SigmaPlot V. 14.5. The experimental design consisted of three main factors: maple 

variety (FM and AM), date in the season, and canopy location (upper and lower). Canopy 

locations within a tree were not independent, so I used a repeated measures two-way analysis of 

variance, which can serve the same purpose as a paired t-test for variables that are not 

independent. Significance for all analyses was assumed at p < 0.05. When data failed to meet the 

assumptions for parametric analysis, I used non-parametric alternatives. 
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Results 

Microclimate - Wind Speed 

There were no significant differences in temperature or relative humidity between upper 

and lower locations at either site (data not shown). However, mean wind speeds averaged over 

24 hrs at the upper location at both sites were higher by 0.11 ± 0.02 m/s for FM and 0.3 ± 0.05 

m/s for AM and this persisted across all the months of the study (Figure 8; July p < .000, August 

p = .003, September p = .001, and October p = .035). Due to a lower weather station 

malfunction at the AM site, the dataset is not as complete, but for data collected, differences 

were significant for all months (July p = .000, August p = .001, and September p = .011).  

Figure 8. Mean wind speeds at (A) Freeman site (July: n= 29, August: n = 27, September: n = 27, October n: = 20) 
and (B) Armstrong site (July: n = 16, August: n = 7, September n: = 7). Bars are mean + se. Asterisks indicate 
significant differences between upper and lower locations.  
 
 

Microclimate - Solar Radiation 
 
I compared total solar energy input (W/m2) per month at each canopy location and found 

that it averaged 1350 ± 543 W/m2 higher at the upper than the lower canopy location for FM 

(Figure 9). I also compared monthly sums for morning (sunlight hours before noon) and 

afternoon (sunlight hours after noon). At the FM site, solar energy input was higher in the 

afternoon than morning (p = .001) and at both times of the day the upper canopy location (p = 
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.004) received greater amounts. The differences between upper and lower leaves in both the 

morning and the afternoon were more distinct in July, August, and September, and smaller in 

October, when day lengths were shorter. Due to a weather station malfunction at the AM site, I 

was not able to do as full an analysis there, but on three sunny days in mid-summer I found a 

similar patter with regard to morning vs evening solar energy inputs, but I was not able to reach 

firm conclusions about whether upper or lower leaves received different inputs (Figure 9).  

I also examined the solar energy on an hourly basis over the course of two full days at 

each site (Figure 10). On occasion, the upper canopy received more sunlight than the lower at the 

FM site, especially in the morning, while differences were less distinct at the AM site.   

 
Figure 9. Figure A shows the average total solar energy per month to upper and lower stations at the FM site. 
Values are the daily sums averaged over the month ± se (July: n = 27, August: n = 27, September: n= 27, October: n 
= 17). Figure B shows the daily total on three days at the AM site where the lower station had good data, but 
comparisons should not be made due to a lack of data, i.e., no statistics possible.  
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Figure 10. Mean hourly solar energy inputs over the course of a day at the FM site for (A) July 21st (B) 
October 3rd, and the AM site for (C) July 21st, and (D) for September 4th. Sudden drops result from the 
sensor being blocked by either clouds or an adjacent tree over the course of the day.  

 

Phenology 

 The Freeman maples were chosen for study because they have the unusual coloring-up 

pattern in which they turn red at the top of the tree before the bottom, unlike the Armstrong 

variety (Figure 1), which turns red nearly simultaneously over the entire canopy. To determine if 

differences in the timing of reddening were associated with differences in leaf phenology, I 

followed leaves from budbreak, to leaf out to senescence.  

Budbreak and Leaf-out   

Buds on FM began expanding in the lower canopy first, around March 13th, but by the 

end of March (Julian Day ~90), the upper leaves had caught up developmentally to the lower 

leaves and both groups continued to develop nearly simultaneously (Figure 11). Lower leaves 
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had significant (p < 0.001) but slightly advanced budbreak timing compared to lower leaves for 

all dates except for days 90 and 105. By April 27th, the lower buds had fully opened and formed 

leaves, while the upper leaves fully opened a few days later (Figure 11). I do not have similar 

data for the Armstrong maples because this variety was chosen for study after it had already 

leafed out. 

 There was no statistical difference between upper and lower leaves for the date at which 

they achieved full leaf size (day 116 for lower, day 118 for upper). However, leaf survivorship 

declined sooner for upper leaves such that leaf lifespans were ~18 days shorter than for lower 

leaves (Figure 12; p = 0.007). FM upper leaves were 50% gone by day 281 and 75% gone by day 

288, whereas for the lower leaves, these milestones were achieved by day 300 and day 304, 

respectively, or 12-19 days later. For AM, leaf survivorship extended to later in the fall than for 

FM, and, in distinct contrast to FM, upper and lower leaves senesced at nearly the same time. 

Differences in survivorship between canopy locations, for example, did not become apparent 

until day 292 (p < 0.001; Figure 12). AM upper leaves were 50% gone by day 296 and 75% gone 

on day 299, and for lower leaves by day 303 and day 305, respectively, about one week later.  

 

 
Figure 11. Bud development using a rating 
scale of 1-7, with 1 = dormant and 7 = 
leafed out, according to the protocol of 
Skinner and Parker (1994). Numbers are 
mean rating per tree ± se, n = 5. Asterisks 
indicate significantly different values on a 
particular day. Julian Day 60 is March 1st 
and Julian Day 120 is May 1st.  
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Figure 12. Leaf survivorship for (A) FM and (B) AM. Branches are considered from the terminal leaf pair to the 
10th leaf pair. Symbols are mean ± se, n = 4. Julian Day 260 is September 17th and Julian Day 300 is October 27th.   

Color Change Phenology 

  Figure 13 shows the representative color change gradient in Freeman maple leaves. The 

seasonal progression of color changes in the canopy of FM are shown in the upper part of Figure 

14 while the lower panel of pictures shows this for AM.  

 

 

 

 

Figure 13. Representative progressive color changes from green to red in leaves from the upper canopy of FM. 

Interestingly, red coloration was first noted in the upper canopy leaves of FM as early as 

August 4th, before any cold temperatures were noted (e.g., the minimum July temperature was 

10.3 oC). However, in September the minimum temperature dropped as low as 3.8 oC and in 

October to 3.1 oC. In contrast with the upper leaves, lower leaves did not start turning red until 

about October 8th, over two months later (p < .001). Greenness was reduced to 20% ~55 days 

earlier in upper vs lower leaves (Figure 15), and by October 20th, the majority of all leaves on 

FM were red.  
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Figure 14. Representative progression of color change and leaf senescence in Freeman maples (top) and Armstrong 
maples (bottom) over the 2021 growing season. Red circles indicate first signs of red coloration, which was on 
August 4th for FM and October 16th for AM. 
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Figure 15. Percent greenness of canopy sectors for (A) FM and (B) AM trees. The dotted lines indicate 
when 20% of a sector still appeared green. Julian Day 140 is May 20th and Julian Day 300 is October 27th. 
Symbols are mean ± se, n = 5.  

 

Color change occurred much later in the season for AM and was not visually apparent 

until October 6th when a few leaves at the top appeared red, but no substantial coloration was 

noted until October 19th, ~64 days later than for FM (Figures 14, 15). Upper leaves started to 

show declines in greenness by October 19th, but within just one week the lower leaves had 

caught up and very shortly thereafter all the leaves began to change color. By November 4th all 

of the leaves had senesced and fallen off, and statistically, there was no significant difference due 

to canopy location (p = 0.426).  

 

Anatomy/Morphology 

Stomatal Densities 

There were no statistical differences in stomatal density between upper and lower leaves 

within either maple variety (FM, p = 0.106; AM, p = 0.241; Figure 16). However, when the 

densities for just the upper leaves were compared across varieties, they were substantially higher 

in FM (p = .021), but not different for lower leaves (p = .123). 
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Figure 16. Stomatal densities for the abaxial surface of leaves from upper and lower canopies in (A) FM and (B) 
AM. Numbers are mean ± se, n = 5. ns means “not significant”. Bars within a leaf class (upper or lower) with 
asterisk indicate difference across varieties at p < .05.  

 

Leaf Area 

Lower leaves of FM reached their full size around day 211, whereas upper leaves 

required an additional 19 days, as determined from fitting the Gompertz function to the data 

(Figure 17). There was no significant difference (p = 0.561) in the final leaf size between canopy 

locations although there were occasional differences during leaf expansion when upper and 

lower leaf sizes did differ on certain days 127 (p = 0.043) and 280 (p = 0.009). The difference on 

day 280 was most likely the result of random sampling error, while on day 127 it probably 

stemmed from the fact that lower leaves opened up and expanded first.  

There were no significant time trends for leaf area for AM, most likely because we did 

not sample them early enough in the season (see Methods section for details), nonetheless, leaf 

development occurred earlier in this variety because leaves were essentially full size by the first 

sampling date (Julian Day 151 vs 219 and 230 for lower and upper FM leaves, respectively). 

However, in contrast to the pattern for FM, where upper and lower leaves were the same size, in 

AM, upper leaves were 37% smaller than lower leaves (p = 0.005).   
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Figure 17. Development of leaf area over the season for (A) FM and (B) AM trees. Symbols are mean ± se, n=4-5. 
Julian Day 100 is April 10th and Julian Day 300 is October 27th.  

 

Leaf Mass per Area  

Leaf mass per area (LMA) was significantly higher in the upper leaves of both varieties 

(p < .001; Figure 18). Across varieties, LMA was higher for FM than AM for the upper (p < 

.001) but not the lower leaves. 

 
Figure 18. Leaf mass per area for (A) FM and (B) AM trees sampled on Aug 4th. Numbers are mean ± se, n = 5. 
Asterisks indicates significance between canopy locations within a variety while lowercase letters indicate 
significant differences between locations across varieties. 
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Pigment Contents Throughout Growing Season 

Chlorophyll 

 Total chlorophyll amounts of FM leaves varied throughout the season for both canopy 

locations (Figure 19). In May, upper leaves averaged 5.05 ± 0.12 µg/cm2, which was similar to 

that for lower leaves (4.7 ± 0.24 µg/cm2), but for the rest of the measurements, chlorophyll 

amounts were significantly higher in the lower leaves (p < 0.002). Chlorophyll amounts peaked 

in August with the lower leaves averaging 8.4 ± 0.4 µg/cm2 and upper leaves averaging 6.5 ± 

0.49 µg/cm2, after which they started to decline. By mid-October, chlorophyll amounts in upper 

leaves had decreased substantially (1.0 ± 0.37 µg/cm2) while in lower leaves they remained 

much higher (4.8 ± 0.76 µg/cm2; Figure 19).  

Total chlorophyll amounts in AM leaves showed no significant difference (p = 0.090) 

between canopy locations throughout the season, but there was a significant time effect (p = 

0.001). Chlorophyll peaked in August with upper leaves averaging of 8.8 ± 0.4 µg/cm2 while in 

lower leaves it averaged 9.7 ± 0.4 µg/cm2. Chlorophyll amounts in upper leaves started to 

decline in mid-October, whereas lower leaves showed little change until the end of October 

(Figure 19).  

Anthocyanins  
 

Anthocyanins appeared earliest (p <0.001) and increased to a greater extent (p= 0.008), in 

upper leaves of FM, compared to lower leaves. This difference persisted until the leaves fell off 

in mid/late October, when even by the end of their lifespan, lower leaves never accumulated as 

many anthocyanins as upper leaves (Figure 19). When anthocyanin absorbances were 

recalculated on a mass basis, to account for the differences in LMA between upper and lower 

leaves in FM, the results were qualitatively similar, suggesting that it was cellular concentrations 
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of anthocyanins that were responsible for difference and not just due to greater cell numbers per 

unit area.  

Anthocyanins did not appear until mid/late October in AM leaves, and even then, the 

intensity of color was much less than in FM, and the color was different also, ranging from a 

rust-red to orange. There was no significant difference in anthocyanin content between canopy 

locations (p = 0.887), but it did change significantly over time (p < 0.001; Figure 19).  

 

 
Figure 19. Total chlorophyll in (A) FM and (B) AM leaves over the 2021 growing season, and anthocyanin 
absorbance for (C) FM and (D) AM leaves. Symbols are mean ± se, n = 4. Julian Day 150 is May 30th and 
Julian Day 300 is November 14th. Asterisks indicate significant differences between canopy locations.  

 
 
Gas Exchange  
 

Light Response Curves 
 

Light response curves were constructed for each species in late May and early June 

(Figure 20, Table 1). For the FM, there was no significant difference between upper and lower 
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leaves for any parameter except LSP, which was higher in the upper leaves (p = .020), and A2000, 

which was also greater in the upper leaves (p = .029). For AM, dark respiration rates were 

significantly lower in upper leaves (p = 0.001).   

In the FM, the upper leaves never achieved light saturation, while lower leaves appeared 

more sensitive and saturated at a PAR of 900 µmol m-2 s-1. Additionally, lower leaves appeared 

to be inhibited when PAR exceeded this level (Figure 20A), and this was why there were 

differences in LSP and A2000 as noted above.  

Leaves for AM were similarly inhibited at high PAR, but in this case, rates peaked at a 

lower PAR of 500 µmol m-2 s-1 and both upper and lower leaves showed similar patterns in this 

regard (Figure 20B). Across varieties, there were no differences in any of the parameters except 

for the LSP of upper leaves, which was higher in FM than AM (Table 1). 

 
Figure 20. Light response curves for (A) FM and (B) AM. Measurements made in late May/early June. Symbols are 
means ± se; n=4. Dashed line shows light compensation point when A = 0. Line for upper FM leaves fitted using an 
exponential rise to maximum equation (see equation 1 in text) while all the others are simply point fits.  
 

 
Table 1. Light response parameters for FM on May 27th and for AM on June 2nd. DR is dark 
respiration rate, LCP is light compensation point, AQE is apparent quantum efficiency, Amax is 
photosynthesis at saturating PAR, LSP is the PAR where Amax is achieved, and A2000 is 
photosynthesis when PAR = 2000 µmol m-2 s-1. Bolded p values indicate differences between 
upper and lower leaves within a maple variety. The italicized values for LSP indicate a 
difference between upper leaves across the maple varieties. Symbols are mean ± se, n = 3 in FM 
and 4 in AM. 
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Parameters Freeman 
Upper 

Freeman 
Lower p value Armstrong 

Upper 
Armstrong 

Lower p value 

DR  
(µmol m-2 s-1) -2.3 ± 0.05   -1.5 ± 0.26 p = .166 -2.2 ± 0.32 -1.8 ± 0.34 p = 0.001 

LCP  
(µmol m-2 s-1) 63 ± 4 37 ± 5 p = .088 59 ± 7 43 ± 8 p = 0.125 

AQE  
(µmol CO2/ 

µmol photons) 
0.035 ± 0.003 0.039 ± 0.001 p = .500 0.037 ± 0.001 0.042 ± 0.001 p = .062 

Amax  

(µmol m-2 s-1) 6.8 ± 0.92 8.9 ± 0.67 p = .669 7.0 ± 0.61 7.5 ± 0.51 p = .601 

LSP  
(µmol m-2 s-1) 1750 ± 217  817 ± 188 p = .020 838 ± 388 838 ± 388 p = 1.00 

A2000 
(µmol m-2 s-1) 

6.68 ± 1.14     2.72 ± 1.09  p = .029 5.15 ± 1.25 4.05 ± 1.25 P = .071 

 
Water Potentials 

 
 Water potentials measurements were taken each time gas exchange measurements were 

made to rule out water stress as a potential cause for differences in gas exchange between canopy 

locations (Figure 21). Since the upper leaves were on average 6 m higher up the tree than the 

lower leaves, the gravitational component of water potential would decrease values in the upper 

canopy by ~0.06 MPa. Thus, only differences greater than this would indicate additional water 

stress imposed by physiological processes in upper leaves. Over the growing season there were 

no instances where water potentials in FM differed significantly between upper and lower leaves.  

However, for AM, there were two instances where upper leaves had significantly lower 

values than upper leaves (days 251 and 272, p = .019 and p = .029, respectively). In each case, 

upper leaves had water potentials that averaged 0.09 MPa more negative than lower leaves 

(Figure 21).  
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Figure 21. Water potential readings on (A) FM and (B) AM over the season. Symbols are mean ± se, n=4. Julian 
day 120 is April 30th and 300 is October 27th. Asterisks show significant differences between canopy locations at p < 
.05.  
 

 
Gas Exchange Measurements  

  
 Rates of photosynthesis (A) at a standard PAR of 1250 µmol m-2 s-1 for FM varied 

significantly between upper and lower leaves during all measurement days except for August 4th 

when they were similar (p = .909). For all other measurements, rates were significantly higher in 

the lower leaves (p < 0.001). Over time, rates decreased significantly (p < .001) in both upper 

and lower leaves, although upper leaves decreased beginning in August on Day 216, and then 

rates remained nearly constant until they senesced, whereas upper leaves started declining much 

later after day 251 (Figure 22).  

In AM, there was no significant difference in photosynthetic rates between locations, but 

there was a significant trend over time (p < 0.001; Figure 22). As anthocyanin levels increased 

and chlorophyll decreased, photosynthetic rates decreased, although the decreases were not 

notable until around day 270, when they dropped off sharply.  Dark respiration rates did not 

differ between canopy locations for either FM or AM, nor with time except for AM, where rates 

on Day 300 were significantly higher than several earlier dates (data not shown).  
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Stomatal Conductance 

 Stomatal conductance (gs) did not differ between canopy locations (p = 0.110) or with 

time (p = 0.578) for FM (Figure 22), although there was a tendency for gs to peak in mid-

summer. For AM, gs did not differ statistically between canopy locations (p = 0.318), but did 

over time (p < 0.001). As chlorophyll was depleted and leaves began to senesce, gs declined.  

Water Use Efficiency  

Water use efficiency (WUE), defined as the ratio of A/gs, was significantly higher in 

lower than upper leaves for FM in early August, (p < 0.001), but not for any other times during 

the season (Figure 22). WUE of lower leaves steadily declined over time, due mainly to 

concomitant decreases in A, while for upper leaves it tended to peak in mid-summer, and 

followed patterns for gs more so than for A, even though statistically, canopy location was not 

significant. For AM, there was no canopy location difference in WUE, and WUE decreased later 

in the season, again following declines in both A and gs. Early in the season up to late summer 

(around Day 280), WUE was slightly higher in AM than FM leaves, more as a result of higher 

rates of A than from differences in gs.  

 



37 
 

 
Figure 22. Gas exchange parameters at a PAR = 1250 µmol m-2 s-1 for FM (panels A, C, E) and for AM 
(panels B, D, F). Julian Day 220 is August 8th and Julian Day 300 is October 27th. Symbols are mean ± se, n 
= 4. Asterisks indicate significant differences between canopy locations within a variety. See text for details 
about cuvette conditions. All measurements completed prior to 1 pm on all days. 
 

Rapid A-Ci Curves 

 I compared rates of photosynthesis at a standard internal CO2 (Ci) of 350 ppm, which 

corresponded to an ambient CO2 (Ca) of approximately 560 ppm. Neither variety had a 

significant difference in A between the upper and lower leaves (p = .407 for FM, p = .124 for 
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AM; Figure 23). However, there was a significant decrease from June to August and through to 

September in FM (p = .025). There were no significant differences between any of the dates in 

AM (p = .311) and this resulted in a significant difference between the varieties for 

measurements in August, but not in June or September (p = .001; Figure 23).  

Figure 23. Photosynthetic rates at a Ci = 350 ppm CO2 for (A) FM (B) AM throughout the 2021 growing season. 
PAR was 1250 µmol m-2 s-1 and temperatures were set closest to ambient for each day. Measurements completed 
prior to 1 pm on all days. There were no significant differences for canopy location for either variety, and therefore, 
months within a variety not sharing the same letter are significantly different. Asterisks indicate significant 
difference in August means (averaged over both upper and lower locations) across the two varieties. In all cases 
significance assumed if p < .05. 
 

Nitrogen Levels  

Nitrogen contents for lower leaves of FM, collected on August 4th, were significantly 

higher than in upper leaves (1.6 ± 0.21 % vs 0.9 ± 0.13 %; p = .008). By the fall, as leaves were 

nearing full senescence, contents were much lower (0.3 ± 0.01% vs 0.4 ± .01%; p = .002). In 

contrast to FM, there was no difference in nitrogen contents between upper and lower leaves for 

AM in either summer or fall (p = .981 and p = .951, respectively; Table 2). Retranslocation 

efficiencies did not differ between upper and lower leaves for either maple variety, but were 

higher in AM than FM trees (Table 2).   
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Table 2. Nitrogen contents for leaves collected August 4th and in fall, right before they dropped 
(September 28th for upper FM leaves, October 27th for lower FM leaves and upper and lower AM 
leaves). See text for how retranslocation efficiency is calculated. Values are mean ± se, n = 4. 
Significance assumed when p < .05 and indicated by bolding. RE = Retranslocation Efficiency. 
 

 FM AM 

Location Summer 
(N %) 

Fall 
(N %) RE (%) Summer 

(N %) 
Fall 

N %) 
RE 
(%) 

Upper 0.9 ± 0.13 0.3 ± 0.00 53.7 ± 6.66 2.1 ± 0.12 0.5 ± 0.02 67.9 ± 2.71 
Lower 1.6 ± 0.21 0.4 ± 0.01 50.4 ± 3.92 2.1 ± 0.23 0.5 ± 0.01 60.5 ± 2.34 
p value .008 .002 .660 .981 .951 .656 

   

Discussion 

 In my study of two urban red maple varieties, I found differences in the physiology and 

morphology of leaves between the upper and lower canopy locations, as well as between 

varieties. The most prominent canopy location differences occurred in the leaves of FM and 

included phenology, LMA, gas exchange rates, pigmentation timing and amounts, and nitrogen 

content. In contrast, location differences were restricted to just leaf size and LMA for AM with 

none for gas exchange, pigmentation or nitrogen content. Given that both varieties were exposed 

to similar weather and growing conditions, this suggests that differences between upper and 

lower leaves are physiologically based and varietal specific.  

The Influence of Microclimate on Leaf Morphology and Lifespan 

 The microclimate data, obtained from the weather stations positioned at the heights of the 

upper and lower canopies, showed no significant differences at either site between locations for 

temperature or VPD. However, both sites were windier and had higher solar radiation inputs at 

the upper canopy location, and both parameters are known to affect leaf growth, morphology, 

and physiology in a large number of species (Boardman 1977, Grace and Russell 1977, Niklas 

1992, Niklas 1996).  
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The Role of Wind 

Higher wind speeds in the upper canopy result in smaller boundary layers at the leaf and 

tree canopy levels (Jarvis and McNaughton 1986), which in turn enhance evapotranspiration 

(Campbell and Norman 1998, Daudet et al., 1999). Furthermore, high wind speeds can cause 

mechanical damage due to flapping or the abrasion of leaves against one another or with 

branches (Van Gardingen and Grace 1991, Telewski 1995), although it must be said that I 

observed little or no visible damage in either variety. Abrasion of the cuticle, which would not be 

visible to the eye, would enhance non-stomatal water loss (Grace 1988, Van Gardingen et al. 

1991, Bueno et al. 2022), while flapping and twisting of the petiole could cause mechanical 

disruption to the vascular connections (Grace 1988), which in turn would decrease water 

transport and increase water stress (Sack and Holbrook 2006). Height by itself, because of the 

gravitational component of water potential, would also cause greater tension in the xylem and 

lead to smaller, more dense leaves (Marshall and Monserud 2003). The resultant stress would 

reduce turgor pressures and limit the capacity for cellular expansion, resulting in smaller, denser 

leaves, with a concomitant higher LMA (Grace and Russell 1982). The fact that upper leaves of 

both varieties were smaller and had higher LMA is consistent with this possibility, although I did 

not observe significant differences in water stress between upper and lower leaves, nor did I 

specifically investigate damage to the conducting system in petioles.  

On the other hand, leaves in some species may adjust their morphology and physiology in 

such ways that the effects of wind are minimized. For example, in Berberis microphylla, a shrub 

that grows in arid climates subject to constant winds, leaves on the windward side of the crown 

reduce water loss by closing their stomata, which reduces transpirational water losses, but they 

also produce a thicker cuticle, which lowers non-stomatal water losses. In contrast, the 
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conspecific shrub Colliguaja integerrima adopts a different strategy to minimize stress on the 

windward side of its crown by adjusting its hydraulic conductivity upward to cope with greater 

stomatal water losses. In each case, the physiological and morphological adjustments minimize 

differences in water stress between the windward and leeward sides of the crown (Iogna et al. 

2013). However, such compensatory measures may not have occurred for my trees. For example, 

neither variety showed differences in stomatal density between upper and lower leaves, and there 

were few significant differences in water potential.  

Leaves lower down in the canopy would experience reduced wind speeds and have lower 

evapotranspiration rates, which when coupled with lower amounts of mechanical injury, could 

result in a prolonged lifespan (Wu et al. 2021).  However, in AM, the difference in the timing of 

leaf senescence between the upper and lower leaves was only about just two weeks, whereas it 

was nearly two months for FM. This suggests that wind may not be the factor determining the 

earlier leaf senescence in upper FM leaves; that the sensitivity of upper leaves to wind is greater 

in FM than AM; or finally, that there are inherent physiological differences between upper and 

lower leaves in FM but not AM. Experiments where trees are subject to controlled wind studies 

would be needed to determine which of the above hypotheses are correct. 

The Role of Light 

The other environmental parameter that differed significantly between the upper and 

lower canopy was solar radiation input. At the FM site, light levels were consistently higher in 

the upper than lower canopy, and radiation inputs were greater in the afternoon hours than 

morning hours. As the season progressed, and the days became shorter, total radiation inputs 

decreased and the difference between upper and lower canopy locations became smaller. On an 

hourly basis, I did not see major differences between the upper and lower canopies, but when 



42 
 

they did differ, it was usually in the direction of the lower canopy receiving less radiation than 

the upper canopy (Figure 10). Some of this difference may have resulted from shading of the 

lower sensor by nearby trees due to the position of the sun, but the duration of this shading 

would have been small compared to the length of time the sun was above the horizon. 

Furthermore, total daily differences were relatively small compared to the daily total input, but 

were consistent with the known correlation of high light with high LMA (Boardman 1977, 

Neufeld and Young 2014), as was found in upper leaves of both varieties. High light (Salisbury 

1927, Iogna et al. 2013, Lehmann and Or 2015, Papanatsiou et al. 2017), and sometimes low 

light (Lei 1998) can induce greater stomatal densities, but neither species showed a difference 

between their upper and lower leaves, which would suggest a minimal role for light in this 

regard.  

 The most important determinant of leaf size in red maples is whether the leaves are 

positioned on long or short shoots, with larger leaves on the long shoots (Niklas and Cobb 2010). 

However, I restricted my sampling to only leaves on short shoots, at the exterior of the south-

facing crown, so differences in light would be even less of a factor. That some parameters 

changed in FM, but not AM, suggests that the physiology of each variety plays a large role in 

determining these patterns. 

Role of Light in Anthocyanin Production in the Fall 

It is thought that leaves synthesize anthocyanins in the fall to protect their photosynthetic 

apparatus from the combination of high light and cooler temperatures (Hoch et al. 2001, Feild et 

al. 2001, Lee and Gould 2007, Hughes et al. 2007, Hughes et al. 2022). If the upper canopy 

leaves are receiving more sunlight than lower canopy leaves, they may be producing 

anthocyanins sooner to protect against this stress. However, it is unclear what the proximate cue 
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is for the genes to turn on that result in anthocyanin production, whether it be photoperiod, 

minimum temperatures, low nitrogen (Carpenter et al. 2014), or a combination of all of these 

(Chalker-Scott 1999, Naing and Kim 2021). But it is known that various environmental stresses 

cause the accumulation of reactive oxygen species (ROS), and that these can serve as signaling 

molecules to upregulate genes in the anthocyanin pathway (Naing and Kim 2021). If this results 

from the combination of high light and cold, anthocyanins may benefit the leaf by reducing 

photoinhibition (Hughes et al. 2005, 2007), and they may act as ROS scavengers to further 

reduce cellular damage (Gould et al. 2002, Hughes et al. 2005, Landi et al. 2014, Xu et al. 2017), 

often resulting in preservation of higher photosynthetic rates (Zhu et al. 2018), and allowing a 

longer time to retranslocate nutrients back into the stems from the leaves (Field et al. 2001, Hoch 

et al. 2001, Hoch et al. 2003).  

There is further evidence that differences in radiation inputs between the upper and lower 

canopies are not the major contributor to the differences in the timing of anthocyanin production, 

at least in FM. The FM were oriented singly in an E-W line adjacent to a road, and this 

alignment would mean that the daily movement of the sun through the sky would result in only 

short periods of self-shading near midday. For other portions of the day, their crowns would be 

fully and equally exposed from top to bottom, at least within a similar compass sector. For AM, 

where they were aligned along a NE-SW line, self-shading would be limited to late in the day, at 

which time the trees would not be as physiologically active. In both cases, self-shading events 

for either maple variety would be of short duration, and occur at times in the day when 

temperatures are higher or near their peak. Thus, both upper and lower leaves would be fully 

exposed to high light early in the morning when temperatures are the lowest, and hence 
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differential light interception is unlikely to be the sole cause of any physiological differences 

between upper and lower leaves. 

Temperature by itself does not seem to be the proximate cue for early anthocyanin 

production in the upper leaves of FM, since minimum temperatures at night were above 10oC, 

and much higher during the day, when reddening was first noticed in early August. I cannot rule 

out sensitivity to the shortening of the photoperiod, even in early August, and genes in the 

anthocyanin pathway can be upregulated by short photoperiods (Gu et al. 2018, Seaton et al. 

2018). Their function under short photoperiods is not fully understood, but may involve 

detoxification of ROS, which in some cases can become more prevalent under short days 

(Pétriacq et al. 2017).  

Instead, these trees may be exhibiting a ‘bet-hedging’ strategy (Wallace and Dunn 1980), 

whereby they synthesize anthocyanins early in the season to avoid damage from any unusual 

cold events that might occur in late summer or early fall. This also co-occurs with the decline in 

chlorophyll, which may make these leaves more sensitive to photo-oxidative stress. As Anderson 

and Ryser (2015) point out, solar radiation can be intense in late summer, whereas later in the 

season, when temperatures start to drop, solar radiation levels decrease due to changes in the 

sun’s position in the sky and from increased cloudiness, which scatters and diminishes 

wavelengths that anthocyanins absorb, thereby decreasing their effectiveness at preventing 

photo-oxidative damage to leaves.  

Upper and lower leaves, however, would be exposed to nearly the same amount of direct 

radiation, if located in the same compass sector of the crown, since the difference in timing 

between when the upper and lower canopies would receive direct radiation as the sun comes over 

the horizon (a difference in height of ~6 m) would be less than a second (The Curious Team 
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2015). If differences in radiation are not the reason for the earlier and greater accumulation of 

anthocyanins in upper leaves, then other factors must be at play, and the most likely would be the 

differences in LMA and nitrogen amounts. Hughes et al. (2007) found that young leaves of 

several tree species produced anthocyanins in the spring when there were fewer airspaces 

between cells, and the photosynthetic apparatus was still developing. These conditions resulted 

in limited CO2 diffusion within the leaf, and greater susceptibility to photoinhibition as a result. 

It is possible that upper leaves of FM, which have a higher LMA, also have a reduced capacity 

for internal CO2 diffusion that could result in greater susceptibility to photoinhibition compared 

to lower leaves, thus providing them with an impetus to produce anthocyanins both earlier and to 

a greater extent. It is known that trees in eastern North America experience high radiation and 

large temperature fluctuations in the fall (Anderson and Ryser 2015, Renner and Zohner 2019) 

which would support this hypothesis. Coupled with this possibility is that the lower nitrogen 

amounts in upper FM leaves, which were detectable in early August, also probably stimulate 

anthocyanin accumulation (Schaberg et al. 2003, Carpenter et al. 2014, Liang and He 2018). 

If upper leaves of FM are more sensitive than lower leaves to high light-low temperature 

conditions, then waiting until temperatures drop in the fall to begin producing anthocyanins 

would be too late to prevent leaf damage, and this would favor the ‘bet-hedging’ strategy alluded 

to above (Wallace and Dunn 1980). It also suggests that protecting leaves to retranslocate 

nutrients has priority over carbon uptake, or otherwise they would delay anthocyanin production.  

Although upper leaves had lower leaf N, this does not support the hypothesis that low N 

leaves have a higher requirement for retranslocation (Nasholm et al. 1998; Keskitalo et al. 2005), 

as there were no differences in either maple variety with regard to the retranslocation efficiency 

between upper and lower leaves. This is consistent with the findings of Pena-Novas and Archetti 
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(2021) who did not find differences in retranslocation efficiency between trees that turn red and 

those that do not. They hypothesized that if anthocyanins are produced to enhance 

retranslocation under nutrient stress, then those that have lower foliar nitrogen should produce 

anthocyanins and those with higher leaf nitrogen less so. In a study of trees growing in a 

botanical garden, they found no difference in retranslocation efficiencies between trees that turn 

red and those that turn yellow (Pena-Novas and Archetti 2021). However, these findings have 

recently been challenged by Hughes et al. (2022), who argue that earlier synthesis of 

anthocyanins is linked to low leaf nitrogen and accumulation of high amounts of total non-

structural carbohydrates (TNCs). 

Other tree species exhibit similar patterns of early senescence and greater anthocyanin 

production in their upper canopy leaves, such as pin oak (Quercus prinus, personal observations) 

and sugar maple in North America (Moy et al. 2015) and several tree species in Japan (Koike et 

al. 2001, Schmitzer et al. 2009), including ash (Fraxinus mandshurica var. japonica), basswood 

(Tilia japonica) and several Japanese maples (A. mono and A. palmatum). This suggests that 

there may be generalizable physiological differences between leaves in the upper and lower 

canopy that which result in their earlier senescence. Koike et al. (1990) reported that late 

successional trees that turn red do so first from the outside of the canopy and that this is a 

function of differences in the light environment between outer and inner canopy leaves. 

However, in my study, all of the leaves in the upper and lower canopy were located on the 

exterior of the crown, and in similar compass sectors, so a gradient in light is probably not solely 

responsible for the difference in timing of anthocyanin production and leaf senescence. It is 

consistent with observations of other red maples (Neufeld, personal observations) where leaves 

turn red first on the east side of the canopy. Those leaves would be subject to high light early in 
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the morning when fall temperatures are the coldest and thus most in need of protection against 

photoinhibition. 

Of course, this brings up the question of the reduced difference in timing of anthocyanin 

production between upper and lower leaves of AM. Perhaps upper leaves of AM are less 

sensitive to such injury, and therefore they don’t turn color much before lower leaves. Upper and 

lower AM leaves were similar in their N content, and higher N is associated with greater 

tolerance to photoinhibitory conditions (Liang and He 2018). AM also produce fewer 

anthocyanins and are more orange colored than the deep red leaves of FM. Leaves of some tree 

species, particularly those that remain yellow in autumn, and which do not synthesize 

anthocyanins or do so only minimally, may rely primarily on non-photochemical quenching 

(NPQ) of excess energy using xanthophyll cycle intermediates rather than rely on 

photoprotection by anthocyanins. However, as pointed out by Hughes et al. (2022), some species 

might achieve photoprotection via a strategy by which they combine the protective effects of 

anthocyanins with those of carotenoids (Moy et al. 2015), hence the orange-red coloration of the 

leaves of AM.  

Phenology Patterns and Intra-Canopy Variation in Gas Exchange 

 Budbreak and leaf expansion in lower leaves of FM occurred earlier in the season, and 

they persisted longer into the fall than the upper leaves, resulting in leaf lifespans that were up to 

32 days longer. This early leaf out and maturation of lower leaves means they were probably 

more photosynthetically competent earlier in the season, giving them an advantage in terms of 

carbon gain over upper leaves. In understory seedlings, more light capture led to better growth 

and longer survival in leaves (Harrington 1989; Augspurger 2008). This is somewhat 

contradictory to the findings of Zani et al. (2020), who postulated that season-long productivity 
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of leaves results in a shorter, not longer, leaf lifespan, due to sink limitations. That is, an earlier 

leaf out would be correlated with a greater abundance of assimilates, leading to feedback 

inhibition and an earlier senescence in the fall, as has been documented in several tree species 

(Fu et al. 2014). However, more recent studies, using large datasets and MODIS satellite 

observations of phenology across a wide range of ecosystems, show that seasonal productivity 

does not appear to correlate with end of season timing (Lu and Keenan 2022), which is more in 

agreement with my results, where lower leaves retained their chlorophyll, maintained A later into 

the season, and persisted longer into the fall. Photosynthetic capacity of upper leaves began 

declining in early August almost as soon as anthocyanins were detected, and was linked with 

reductions in chlorophyll and lower nitrogen, indicative of less investment in the biochemistry of 

photosynthesis, such as reduced amounts of RUBISCO (Rabinowitch and Govindjee 1965, 

Kitaoka and Koike 2004). Generally speaking, the higher the chlorophyll level, the greater the 

photosynthetic capacity and plant productivity (Richardson et al. 2002, Croft et al. 2016).  

Most noticeable was that upper leaves, which developed anthocyanins much earlier and 

to a greater extent, also began senescing much earlier than lower leaves, as also found by 

Anderson and Ryser in Canada (2015). When the phenological results are combined with the 

lower A, it leads me to conclude that upper leaves probably contribute, on a per leaf basis, much 

less to the carbon economy of the tree than lower leaves over the course of a season. And as most 

tree crowns are generally wider toward their base, and probably have more leaves, it is logical to 

conclude that total carbon assimilation within the crown probably decreases with height, 

although variation in shading and production of long- and short-shoot leaves could complicate 

this pattern (Niklas and Cobb 2010).  
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Nitrogen Resorption Patterns and Efficiencies 

Resorption rates ranged between 54-68%, and were higher in AM than FM, but did not 

differ between upper and lower leaves. These rates are well within those found for most 

temperate tree species (Vergutz et al. 2012), and nearly identical to those found for red maple in 

PA by Pena-Novas and Archetti (2021). For FM, this would mean that retranslocation rates 

would be higher when expressed as a function of seasonal carbon gain, which was substantially 

lower in upper leaves, and it may be for this reason that upper leaves place a higher priority on 

photoprotection earlier in the season and to a greater extent (Hughes et al. 2022). Lower nitrogen 

in upper leaves of FM does not seem to be a result of premature nitrogen withdrawal though, 

because leaf chlorophyll amounts, which are highly correlated with leaf nitrogen (Evans 1989), 

were at their peak when the leaves were sampled for nutrient analysis (see Figure 18). Although 

Pena-Novas and Archetti (2021) argue that the lack of a difference between yellow and red 

turning species does not support the hypothesis that anthocyanins enhance retranslocation 

efficiencies, but rather, aid in the resorption of chlorophyll, it should be noted that a major source 

of nitrogen in the leaf is contained in the chlorophyll and associated protein complexes (Evans 

1989), so it is hard to disprove the hypothesis that they do not aid in nutrient retention. 

Light Response Curves for Young Leaves Early in the Summer 

AM leaves reached full size almost two months earlier (by the end of May) than FM 

leaves and this would suggest they were more mature than FM leaves at equivalent times during 

the season. When light response curves were performed on both species in late May and early 

June, there was evidence of high light inhibition in both varieties (see Figure 19). For AM, both 

upper and lower leaves exhibited this inhibition while for FM, it was primarily the lower leaves 
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that showed a similar pattern. In contrast, upper leaves in FM had typical light response curves 

that leveled off at or near full sunlight (PAR = 2000 µmol m-2 s-1).  

Red maples are known to be intermediate in shade tolerance (Fowler 1965, Abrams 

1998), but able to adjust their leaf anatomy and physiology in response to high light (Wallace 

and Dunn 1998, Jurik 1986, Jurik et al. 1988), which may be one reason why this species is 

particularly widespread (Abrams 1998). Among the authors cited here, all of whom worked with 

wild varieties of red maple, none reported instances of photoinhibition at high PAR in their light 

response curves, whether done early or late in the season, so it is possible that this is something 

unique to these varieties, or to trees growing in urban locations. The depression in A in AM 

leaves at high PAR suggests that while having achieved full size, they may not have been 

physiologically mature at the time these curves were done, and were thus prone to high light 

injury. FM leaves, in contrast, were still increasing in size (their estimated time to full size didn’t 

occur until mid- to late-August), and so it’s logical to conclude that this pattern could have 

resulted because these leaves were still developing and were sensitive to high light. Upper leaves 

of FM may have achieved photosynthetic maturity sooner and developed greater tolerance to 

high light even though they too were still increasing in size, since it was mostly lower leaves that 

showed this unusual light response pattern. This demonstrates that photosynthetic competency 

and carbon gain are highly dependent not only on the location of leaves with respect to light 

within the canopy (Wallace and Dunn 1980, Jurik 1986, Jurik et al.1988, Koike 1990), but to the 

vertical position along the trunk from the upper to lower canopy (my results). That red maple 

leaves might be sensitive to high light (Kitaoka and Koike 2004) is suggested by the findings of 

Wallace and Dunn (1980) who noted that after logging, red maples that were formerly in the 

shaded understory re-oriented their leaves up to 37o from horizontal, which would reduce light 
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absorption and help avoid photoinhibitory conditions. I did not measure leaf angles for my trees, 

but those in the Li-6800 cuvette would have been oriented perpendicular to the incoming light 

during the light response curves and unable to avoid high light injury and hence might have 

showed photoinhibition if sensitive. Unfortunately, I was not able to conduct additional light 

response curves later in June or in July because the bucket truck was out of commission and I 

could not access the leaves. Further studies of light responses as leaves mature throughout the 

season would help elucidate how these maple varieties adjust to tolerate differing levels of PAR. 

Seasonal Patterns of Gas Exchange 

As soon as upper FM leaves began showing signs of reddening (early August), their 

photosynthetic rates also began to decline (Figure 21). This coincided with decreases in 

chlorophyll and photosynthetic capacity as assessed via A-Ci curves (Figure 22) and suggests 

that these leaves had begun senescencing as early as late summer. Prior to the declines in 

chlorophyll, there were no significant difference in A350 (photosynthesis when Ci = 350 ppm) 

between canopy locations for either species. However, in the FM, A350 started declining in 

August, particularly in the upper leaves, which coincides with the decline in chlorophyll (and 

presumably RUBISCO, which can make up as much as 27% of the nitrogen content of a leaf 

(Evans 1989), and this occurred much earlier than in leaves of AM. Because A350 minimizes 

stomatal limitations due to the larger diffusion gradient between the ambient air and the sub-

stomatal spaces, it suggests that any differences between upper and lower leaves, or in the timing 

between FM and AM, result from reduced biochemical activity, presumably due to degradation 

of the electronic transport reactions, as well as reductions in the amount and activity of 

RUBISCO (Evans 1989).  
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Lower leaves did show a decline in A from June into August, but then they maintained 

relatively constant rates all the way up to mid-October, after which rates declined rapidly with 

the onset of cold weather, similar to patterns reported by others for deciduous trees (Kitaoka and 

Koike 2004). Stomatal conductances, on the other hand, were more variable, and even tended to 

rise slightly as upper leaves senesced, while there was a peak in early August for lower leaves, 

followed by progressive declines into October. Water use efficiencies (WUE) were very high in 

early August, more than double the values later on, a result of much higher rates of A in early 

August. Afterwards, A and gs both declined for upper leaves, but rates of A were maintained 

above those of upper leaves until late in the season. The variability in gs was primarily 

responsible for the resultant highly variable WUE.  There was no evidence throughout the 2021 

growing season for any severe water stress (water potentials never decreased below -0.8 MPa), 

so the physiological consequences of these differences in WUE are probably small. 

 AM had higher concentrations of chlorophyll and nitrogen than both the upper and lower 

canopies of FM, along with generally higher A (Figure 21), which is consistent with the fact that 

A and leaf nitrogen are highly correlated in most plants (Mooney and Gulmon 1979, Field 1983, 

Mei and Thimann 1984, Evans 1989, Daughtry et al. 2000). AM maintained high rates of A until 

around October 7th, after which both chlorophyll and A showed similar and rapid declines, 

accompanied by a small amount of anthocyanin production just before the leaves fell off. These 

results are similar to those found in sugar and red maples (Anderson and Ryser 2015, Moy et al., 

2015) where increases in anthocyanins coincided with rapid declines in total chlorophyll. 

 Speculation on Why Nitrogen Distribution Patterns Differ Between FM and AM Trees 

There are a number of factors that could be responsible for the difference in nitrogen 

allocation between the FM and the AM, including transport properties from root to shoot, 
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hormone distribution, and sink locations and sizes. Cytokinins comprise a class of hormones that 

is involved in many plant processes including cell division, signaling, nutrient allocation, 

senescence, and apical dominance (Binns 1994; Keiber 2002; Wingler et al., 1998). Cytokinins 

are also involved in nitrogen uptake (Horgan and Wareing 1980; Simpson et al. 1982 ; Trèková 

and Kamínek 1999). A study looking at seasonal variations in cytokinin in upper and lower sugar 

maple canopies found that there was increased accumulation in the upper canopy in mid-season, 

with less in the lower canopy, suggesting that cytokinin distribution is regulated differently in the 

upper and lower canopy. Seasonal variations in cytokinin may be related to microclimatic 

differences in the leaves, e.g., temperature, sunlight, humidity (Held et al., 2005).  

Many plants accumulate anthocyanins when they are treated with cytokinins (Klein and 

Hagen 1961; Deikman and Hammer 1995, Ji et al. 2015) and it is possible that cytokinin 

concentrations are greater in upper FM leaves, and that they contribute to the earlier and greater 

anthocyanin accumulation. Additionally, other hormones, including gibberellins, jasmonic acid 

and abscisic acid, have been shown to modulate anthocyanin production (Loreti et al. 2008), and 

could be at higher concentrations in upper leaves of FM. There are few studies linking the timing 

and extent of anthocyanin production to hormone levels in trees and this could be the subject of 

future investigations.  

Xylem Structure and Potential Influences on Anthocyanin Production 

Water flows up plants due to the tension created in the xylem as a result of evaporation 

from leaves (Dixon and Joly, 1895). Differences in lumen diameters, pit pore apertures, 

abundances of pits and density of xylem elements, all could translate to differences in water 

transport with differ with height between FM and AM. For example, xylem conduits grade from 

narrower to wider from tip to base in trees, and this also scales with resistance to flow through 
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those pits (Olson et al. 2021). Similar gradients are also known to exist for the phloem (Clerx et 

al. 2020), which is responsible for transporting primarily sugars and hormones. If hydraulic 

flows differ between upper and lower leaves, and between FM and AM, they might  

lead to changes in anatomy and morphology that are particular to each location and variety. It 

would be interesting to compare xylem and phloem anatomy between these two varieties. 

Climate change implications 

 Climate change has affected tree phenology considerably, especially over the past few 

decades (Piao et al. 2019). Plant phenology, including flowering, leaf development, and autumn 

leaf coloration, are all dependent on weather, especially in temperate areas where trees have a 

dormant period in the winter (Yang 2009). In May of 2021, global atmospheric carbon dioxide 

levels peaked at a monthly average of 419 ppm, which are the highest levels since scientists 

started taking measurements in 1958 (NOAA 2021), not to mention over the past 400,000 years 

(Petit et al. 1999). This increase in atmospheric greenhouse gas concentrations is forecast to 

cause higher temperatures and increasingly stochastic weather events such as intense convective 

storms, interspersed with longer periods of drought (IPCC 2007; Coble et al. 2017). A study by 

Wu et al. (2020) suggested that autumn senescence will be delayed in trees at high elevations 

when there is a decline in wind. Less wind leads to a reduction in evapotranspiration, so in late 

autumn when leaves would be senescing, they would be under less water stress, and hold on to 

their leaves longer. Also, with less wind petioles are less likely to detach from the stem, and 

leaves will persist on the trees for longer periods of time.  

Trees may fix higher amounts of carbon in temperate areas if temperatures increase 

because of longer leaf retention (Dragoni et al. 2011). However, there is some controversy about 

this. One paper concludes that high CO2 may hasten the onset of leaf senescence in the fall 
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because sink limitations in trees are reached earlier (Zani et al. 2020, Norby 2021, Zani et al. 

2021). There is also evidence that in years with higher rainfall, autumn colors are less vibrant 

because of reduced photosynthesis and possibly higher nitrogen uptake (Kyne and Diver 2012). 

Here in the Southern Appalachian Mountains, the latest climate predictions for slight increases in 

precipitation (~10%), but greater stochasticity of precipitation, and moderate warming (Kunkel 

2020). Whether upper and lower leaves of the maple varieties I studied will react to these 

changes similarly is unknown but worthy of study. 

Conclusions 

The results of my study indicate that climatic differences between canopy locations were 

minimal except for wind and light, which were higher in the upper than lower canopy. While 

these may have influenced leaf physiology and morphology to some degree, it appears that other 

factors, primarily physiological, played greater roles in affecting the phenology of leaf 

survivorship, pigmentation, and gas exchange. Since the trees were growing in similar 

conditions, this suggests that there are varietal specific physiological mechanisms at play, 

particularly regarding nitrogen allocation, which was lower in FM than AM, and lower in upper 

versus lower leaves of FM. These differences, coupled with losses in chlorophyll, most likely 

contributed to the early production, and shorter survivorship, of upper leaves of FM compared to 

lower leaves, and to the later senescence of leaves of AM. Future studies could include 

comparing cytokinin and other signaling hormones, TNCs, and xylem and phloem anatomy 

between these two maple varieties and canopy locations to see if they differ. These results will 

help with future ecophysiological modeling studies, and further the study of urban forestry and 

tree physiology.  
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