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Abstract: Environmental conditions, such as temperature, carbon dioxide, and nutrient availability,  
are altered by urban conditions at regional scales with potential for impact on tree leaf structure.  
Our goal was to compare leaf morphological characteristics driven by physiological acclimation in  
red maple (Acer rubrum L.) trees in deciduous forests embedded in a small (Newark, DE) and a  
large (Philadelphia, PA) city. The study was conducted in six urban forests on eighteen mature red  
maple trees in a long-term urban forest network. We hypothesized that red maples in Philadelphia  
forests compared to Newark forests will have a thicker upper epidermal layer, spongy palisade and  
mesophyll layer, longer and wider stomates, and lower stomate density. Additionally, we  
hypothesized that red maples in Philadelphia forests compared to Newark forests will have lower  
leaf water content and specific leaf area, and greater leaf thickness, fresh leaf weight, dry leaf weight,  
and leaf dry matter content. Our results for stomate length and stomate width supported our  
predictions; red maple leaves had longer and wider stomates in Philadelphia forests than in Newark  
forests. The increased stomate size in red maple trees suggests potential altered gas exchange  
behavior and mutual abiotic stress mitigation responses in red maple to greater urbanization  
impacts in Philadelphia forests. This supports previous findings of possible physiological and  
biochemical acclimation of red maple trees to urban conditions. Furthermore, the findings from this  
study suggest red maple trees may be a good biomonitor of regional scale impacts in urban  
environments.  

Keywords: Abiotic stress; metro-scale; physiological acclimation; urban leaf morphology; red maple  
trees; stomate size; urban forests  

  

1. Introduction  

Environmental conditions across cities are influenced by different magnitudes of urbanization  
impacts that can alter leaf structure, which has global implications for urban forest health as trends  
of urbanization and human population density increase. Cities can be excellent surrogates in  
assessments of the combined impacts of global change on plants [1], and leaves can be a good  
biomonitor of local site conditions and regional scale impacts [2,3]. Urban forest trees are impacted  
by higher temperatures (urban heat island, UHI; [4]), increased atmospheric CO2 concentrations [5,6],  
greater reactive N deposition inputs [7], higher soil nutrient loads, and greater soil heavy metal  
contamination [8] compared to their rural counterparts. The byproducts of urbanization, such as heat,  
nutrients, and heavy metals, can alter the anatomy and morphology of leaves [9-11], yet little is  
known about how urbanization impacts combined will influence leaf morpho-anatomy traits in  
urban forests. Foliar morpho-anatomy responses to varying degrees of urbanization can provide  
valuable insight into tree carbon sink capacity, air pollution mitigation, and tree health in urban  
environment.  
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Forests and trees have the potential to improve environment quality in urban areas through 

blockage, uptake, and immobilization of pollutants [12,13]. Plant leaves have the ability to trap, 

sequester, and compartmentalize pollutants [14,15]. Urban forest trees may also provide important 

benefits through pollution regulation of urban conditions. However, this is debatable due to biogenic 

volatile organic compound (BVOC) production by urban trees [16 ], and for some pollutants, like 

particulates, the aerodynamic effect of tree canopies can influence particulate residence time, 

recirculation, and concentration in urban environments [17,18]. Alternatively, urban air pollutants 

can affect tree growth and function; tropospheric ozone has been reported to induce visible injuries, 

de-regulate stomatal conductance, and reduce photosynthesis and leaf area [19,20]. These complex 

interactions with urban tree canopies and atmospheric pollutants may stress trees, leading to shorter 

lifespan even with enhanced growth rates [21]. Thus, the ability of urban trees to mitigate urban 

conditions and improve environment quality and sustainability of cities may be dampened by their 

response to altered urban environmental conditions [17,22,23].  

The morphological and anatomical traits in leaves can serve as a bioindicator of plant response 

to altered environmental conditions, specifically air [15,24] and soil [2,25, 26] pollution. Trees exposed 

to auto-exhaust pollution exhibited leaf structural changes (e.g., increased stomatal density, trichome 

length, collapsed epidermal cell), yet no differences in leaf phenology [24]. Leaf size and stomate 

density were reduced in London plane trees in a highly urbanized environment compared to a rural 

area; however, area of palisade parenchyma cells and spongy parenchyma cells were unchanged with 

urbanization [11]. In many disturbed ecosystems and experimental studies, reports of dryer or wetter 

soils [2,27], soil contaminant enrichment [28], and altered soil biogeochemistry [29] seem to result in 

contrasting plant response traits [11,19,20,24,30,31]. Tree species that display morpho-anatomical 

responses and physiological acclimation to abiotic stressors in contrasting environmental impacts can 

provide more insights into multiple cumulative impacts on urban trees. In urban environments, red 

maple trees exhibit enhanced productivity [32] and increased concentration of secondary metabolites 

[3], which suggests red maple trees physiologically acclimate to urban conditions, yet little is known 

about red maple morphological and anatomical responses to urbanization.   

Since the turn of the late twentieth century, red maple (Acer rubrum) trees have dominated a 

wide range of ecological biomes, particularly forest stands in the northeastern to southeastern United 

States [2,33,34]. The morphology and growth characteristics of red maple in forest stands in the 

eastern U.S. have resulted in wide scale cultivation because of its aesthetics, marketability, and 

adaptability in many urban landscapes [33-35]. Importantly, red maple trees are a dominant tree 

across urban forests [36] and demonstrate healthy growth and function despite potentially harsh 

environmental conditions in cities [3,32].  

The purpose of this study was to determine changes in red maple leaf morphology and anatomy 

in response to urban conditions. To understand the combined impacts of different magnitudes of 

urban intensity (i.e., large versus small city; hereafter metro-scale impacts) on leaf anatomy and 

morphology, we investigated red maple trees in forests embedded in two cities (i.e., Newark, DE and 

Philadelphia, PA). These cities differ in total population, developed land area, and impervious 

surface cover. This research utilized a long-term urban forest ecology network, the FRAME, to study 

how red maple leaves respond to combined metro-scale impacts in a small city (Newark, DE) and a 

large city (Philadelphia, PA). We measured leaf morphology traits (i.e., fresh leaf weight, dry leaf 

weight, specific leaf area, leaf thickness, leaf dry matter content, and leaf water content) and anatomy 

traits (i.e., upper epidermal thickness, palisade mesophyll thickness, spongy mesophyll thickness, 

stomata density, stomate length, and stomate width). We asked the following questions: 1) Do red 

maple trees exhibit differing leaf morphology in response to combined metro-scale impacts? 2) Do 

red maple trees exhibit differing leaf anatomy in response to metro-scale impacts? and 3) Are there 

morpho-anatomy patterns that indicate plasticity of trees to metro-scale impacts? We hypothesized 

that red maples in Philadelphia forests will have greater fresh leaf weight, dry leaf weight, leaf dry 

matter content, leaf thickness, upper epidermal thickness, palisade mesophyll length, stomatal 

density, stomatal length, and stomatal width compared to red maples in Newark forests due to 

increased protection against altered biogeochemistry and elevated temperatures, nutrients, and 
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contaminants [10,11,15,24,26,30]. In addition, lower leaf water content, specific leaf area, and spongy  
mesophyll length are expected in trees from Philadelphia forests compared to Newark forests due to  
the urban heat island. We expect warmer temperatures, increased atmospheric CO2 concentrations,  
and greater nutrient deposition inputs in Philadelphia forests will result in altered leaf morpho- 
anatomy and plasticity that support the physiological acclimation of red maple trees to these urban  
conditions [3].  

2. Results   

2.1 Leaf morphology traits  

In general, leaf morphology traits of red maple trees were similar between Newark and  
Philadelphia forests. We found no significant differences in fresh leaf weight, dry leaf weight, dry  
leaf area, specific leaf area, or leaf dry matter content of red maple trees in Newark and Philadelphia  
forests (Table 1). However, we found a significant trend in red maple leaf water content (LWC); red  
maple trees in Newark forests had slightly higher LWC (%) compared to red maple trees in  
Philadelphia forests (p = 0.06; Table 1).  

Table 1. Leaf morphology traits for red maple trees in six forests in Newark, DE and  
Philadelphia, PA.  

Morphology trait Newark forests Philadelphia forests 

FLW (g) 4.9 ± 0.4n.s. 5.3 ± 0.5 n.s. 

DLW (g DW) 2.2 ± 0.2 n.s. 2.6 ± 0.2 n.s. 

LA (cm2) 46.6 ± 4.1n.s. 52.8 ± 3.1n.s. 

SLA (cm2 g-1 DW) 21.0 ± 0.9 n.s. 20.5 ± 0.8 n.s. 

LDMC (g g-1) 0.5 ± 0.02 n.s. 0.5 ± 0.01n.s. 

LWC (%) 54.6 ± 1.8* 50.1 ± 1.2 

Values are morphology measurements of leaves (n = 10) per tree for 18 trees (mean ± SE)   
FLW: fresh leaf weight   
DLW: dry leaf weight   
DLA: dry leaf area   
SLA: specific leaf area   
LDMC: leaf dry matter content  
LWC: leaf water content   
*represents significant differences between means when α ≤ 0.10  
n.s. represents no significant differences between means  

2.2 Leaf anatomy traits  

Comparable to leaf morphology traits, leaf anatomy traits in red maple trees were similar   
between Newark and Philadelphia forests (Figure 1). There were no significant differences in internal  
leaf anatomy traits, specifically leaf thickness, upper epidermal thickness, spongy mesophyll length,  
and spongy palisade length in red maple trees growing in Philadelphia and Newark forests (p > 0.10;  
Figure 2). Similarly, on the leaf abaxial surface, there were no differences in stomatal density of red  
maple trees in Philadelphia or Newark forests (p > 0.10; Figure 3). However, we found differences in  
leaf stomate size between the two cities. The leaf stomate length (SL) and width (SW) were  
significantly greater in red maple trees in Philadelphia forests (SL: 9.6 ± 0.2 µm; SW: 15.8 ± 0.3 µm)  
compared to red maple trees in Newark forests (SL: 8.9 ± 0.4 µm; SW: 14.8 ± 0.8 µm; p < 0.10; Figure  
2).  
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Figure 1. Cross sectional view (90 µm) of internal (anatomical) leaf structures of red maple trees 

in Newark (a) and Philadelphia (b) forests. UE: Upper epidermis; S: Stomate; SM: Spongy mesophyll; 

SP: Spongy palisade; LE: Lower epidermis. 
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Figure 2. Leaf anatomy traits of red maple trees in Newark and Philadelphia forests. Letters 

represent significant differences between means when α ≤ 0.10. 
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Figure 3. Stomata density of the leaf abaxial surface of red maple trees in Newark (a) and 

Philadelphia (b) forests. Letters represent significant differences between means when α ≤ 0.1. 

3. Discussion 

This study demonstrates the robust nature of red maple tree morphology and anatomy in 

urbanized settings. Foliar morphology and internal anatomy were similar in red maple trees growing 

in Philadelphia and Newark forests. However, we did find red maple trees in Philadelphia forests 

had greater stomate size and lower leaf water content compared to Newark forests. The increase in 

stomate length and width (i.e., larger guard cells) of red maple trees growing in Philadelphia forests 

suggests the stomates potentially have lower stomatal conductance rates and/or slower response 

times (i.e., stomatal kinetics) to urban conditions. Furthermore, the trend for lower leaf water content 

in red maple trees in Philadelphia forests compared to Newark forests suggests possible acclimation 

to water limited systems and/or greater transpiration (i.e., more water loss) as a result of slower 

stomatal response time with larger stomata [37].  

Environmental conditions, such as elevated atmospheric CO2 and warmer temperatures, have 

the potential to drive changes in stomatal conductance and stomatal kinetics [38-41]. Miller-Rushing 

et al. [10] have found increased guard cell length and decreased stomate density in response to higher 
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temperatures (1.8°C) independent of global CO2 rise (> 86 ppm) over a 100-year period, and intrinsic 

water use efficiency (iWUE) remained unchanged. While we did not observe differences in stomatal 

density in red maple trees in forests of differing city sizes, the trend for increased stomate size (i.e., 

guard cell length and width) in the large city (Philadelphia, PA) suggests some level of stomate 

plasticity as a result of acclimation to elevated light, CO2 and/or temperature [37,42]. Furthermore, 

red maple trees in urban forests appear to respond to elevated temperature and light via regulatory 

changes in stomate size and possibly iWUE rather than increased stomatal density [10,37,42]. In 

contrast to findings reported by Drake et al. [37], leaves of red maple trees in forests in Philadelphia 

likely acclimated to higher rates of gas exchange through slower dynamic characteristics of larger 

stomata to abiotic stress by slowly opening stomate pores (stomatal conductance). This would 

increase evapotranspiration losses under elevated CO2 conditions by maximizing CO2 uptake and 

enhance growth rates. The slightly lower leaf water content in red maples in Philadelphia forests, 

coupled with greater growth [32], and increased concentration of secondary metabolites [3] are likely 

achieved from higher iWUE [37,39,40,42]. These findings of increased stomate length and stomate 

width (and unchanged stomatal density) and many unaffected morpho-anatomical traits further 

support the robust genetic background and plasticity through epigenetics of red maple trees to 

greater magnitudes of urban intensity. 

In conjunction with stomatal size, foliar nutrient concentrations can indicate potential stomatal 

conductance behavior and/or kinetics. Wang et al. [43] and Egilla et al. [44] found that lower leaf 

water content was linked to lower potassium levels, which directly regulate stomatal conductance 

and root depth (along with N and P). However, we found higher foliar K+ [3] in red maple trees with 

lower leaf water content, which may be due to acclimation to drier urban conditions. Higher foliar 

K+ ions may play a role in signaling accumulation of polyamines, amino acids, and solutes that may 

aid in osmotic adjustment and increase the intrinsic water-use efficiency (iWUE) of the trees. 

Therefore, lower leaf water content and increased cellular free signaling ions along with reported 

elevated free metabolites [3] in red maple trees in Philadelphia forests are likely main players 

regulating intrinsic water-use efficiency and osmotic adjustment for lower leaf water content when 

K+ ions are preferentially taken up and accumulate in cells. 

Leaf water content changes within tree species are linked to iWUE and may be a complex sub-

cellular communication response to stomatal conductance and stomatal kinetics that signal 

osmoregulatory processes to bring about cellular osmotic adjustment to altered environmental cues 

[42]. Many studies have reported the positive effects of cytosolic free K+, Ca2+, Zn2+ and N-

containing compounds on low leaf water content and cellular osmoregulation through mechanisms 

that control reactive oxygen species (ROS) levels, improve membrane integrity, and regulate cellular 

osmotic adjustment and stomatal responsiveness, thus improving plant tolerance to multiple abiotic 

(and biotic) stresses [37,43-46]. McDermot et al. [3] found increased foliar N, K, P, Zn, chlorophyll, 

proline, glutamine, arginine, and spermine in red maple trees growing in high nutrient and heavy 

metal soils in Philadelphia forests. Interestingly, K and Zn were tightly correlated to free amino acids 

in trees experiencing greater urban intensity. This suggests these nutrients likely communicate with 

N-containing metabolites to play a role in cellular osmotic adjustment response and ROS 

detoxification to oxidative stress induced by heavy/toxic metals (e.g., Mn, Al, Zn) and/or salinity 

stress in these red maple trees. Furthermore, altered cellular K+/Na+ homeostasis can induce cellular 

desiccation (i.e., lower cell water content) and signal an osmotic stress response that triggers the 

regulation of water and nutrient balance, regulation of iWUE, and cellular osmotic adjustment [26,46-

48]. Interestingly, McDermot et al. [3] found increased foliar Mg, very toxic levels of Mn, and lower 

chlorophyll and proline in red maple trees growing in low soil pH and low soil organic matter in 

Newark forests compared to Philadelphia forests. These findings suggest faster stomatal kinetics in 

response to more disturbed, nutrient-limited (e.g., P, K) soils and foliar Mn-induced oxidative stress 

(chlorophyll degradation in chloroplasts) under excess soil moisture conditions in Newark forests.  

Red maple trees in Newark may have an altered stomatal response (guard cell kinetics) due to 

lower concentrations of K+ ions (compared to higher concentrations of K+ in trees in Philadelphia 

forests) across guard cells membrane for opening the stomate aperture to regulate xylem 
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transpirational pull for nutrient uptake and removal of leaf water via transpiration [37,42] in wetter, 

nutrient deficient soils. In Philadelphia forests, a robust ROS scavenging system of accumulated K+ 

and Zn2+, increased free proline and other amino acids, and polyamines reported in red maples in 

response accumulated heavy/toxic metals (e.g., Mn, Zn, Al) were possibly compromised [14,26,49,50] 

in Newark forests due to limited stress regulating ions [3]. The findings of this study of lower leaf 

water content in red maple trees in Philadelphia forests than Newark forests suggests red maple trees 

in the larger city are physiologically regulated by N-containing compounds and nutrient ions in 

response to cellular oxidative stress induced by complex abiotic stresses in nutrient-rich, 

contaminated soils that likely experience periodic water stress in warmer systems.  

Larger leaf stomatal size (i.e., slower stomatal response time) and lower leaf water content 

observed in this study, along with greater foliar K+ and Zn2+, and accumulated free amino acids (e.g., 

Pro, Gln, Glu, Arg) and polyamines (e.g., spermine; [3]) suggests that red maple trees have acclimated 

to elevated temperature, CO2, N deposition inputs, and accumulated heavy/toxic metals in 

Philadelphia forests. This acclimation was in part possible through plastic responses, such as larger 

stomata size that alters the stomata aperture CO2 concentration and transpiration gradients. In 

addition, larger stomata and unaffected specific leaf area suggest a greater stomata surface area-to-

volume ratio for CO2 uptake and reduce water loss in red maple trees growing in Philadelphia 

forests. Red maple leaves characterized by larger stomates may be associated with slower stomatal 

opening due to an influx of K+ ions especially in the guard cells (influx of Ca2+ ions regulate stomatal 

closing) for cell turgor, resulting in slower stomatal conductance rates [37,42] under elevated CO2 

concentrations and temperatures. Therefore, stomates are possibly partially closed most of the time 

under harsh conditions to conserve leaf water content (and improved iWUE) or fully open to 

accumulate more CO2 for greater productivity in red maple trees in Philadelphia forests with greater 

urban intensity.   

Leaf morphology and anatomy response to urbanization impacts indicate plasticity of red maple 

trees to complex urban conditions. However, plant fitness is a cumulative response of many 

physiological, morphological, and biochemical adjustments [2,10,37,46,49]. McDermot et al. [3] have 

reported higher foliar chlorophyll, free amino acids, free spermidine, N, P, K, and Zn in red maple 

trees in forests across Philadelphia, PA compared to red maple trees in forests across Newark, DE. 

Therefore, a trend for increased stomate length and width, along with lower leaf water content, in 

red maple trees growing in Philadelphia forests suggest positive adaptive effects of urbanization 

impacts on morphology and anatomy traits likely achieved through altered soil C and N cycling and 

reallocation of plant C and N resources that may enhance productivity (growth and chlorophyll; 

[3,32]), acclimation (secondary metabolites; [3]), and survival to harsh urban conditions. In 

conclusion, leaf morpho-anatomy patterns and plasticity strategies indicate red maple trees may 

serve as a biomonitor of urban forest health and urban environmental conditions. 

4. Materials and Methods 

4.1 Study species and geographic region 

We studied leaf morphology and anatomy of mature red maple (Acer rubrum L.) trees in six 

forests in the FRAME (Forest Among Managed Ecosystems) network. The FRAME traverses an urban 

gradient extending across Newark, DE (small city) and Philadelphia, PA (large city). Philadelphia 

has a population density (4,405 people km-2) three times higher and a total population (1,526,006 

people) nearly fifty times larger than that of Newark (density = 1,403 people km-2; total population = 

31,454), yet the urban intensity (e.g., impervious surface area, population density) surrounding the 

forest patches (within 1000 m of forest patch) is similar across the forests in both Newark and 

Philadelphia [36]. The magnitude of urban intensity at the regional scale is referred to as metro-scale 

impacts (proxy for urban intensity) that can stimulate growth and/or induce stress in plants in urban 

forests (e.g., regional urban heat island). The forest canopy of the FRAME is dominated by native tree 

species in both cities [36]: red maple (Acer rubrum), American beech (Fagus grandifolia), black gum 

(Nyssa sylvatica), sweetgum (Liquidambar styraciflua), tulip poplar (Liriodendron tulipifera), and 
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red oak (Quercus rubra). The forest understory is dominated by non-native and native species: 

multiflora rose (Rosa multiflora), spicebush (Lindera benzoin), greenbrier (Smilax rotundifolia), 

Japanese honeysuckle (Lonicera japonica), southern arrowwood (Viburnum dentatum), autumn 

olive (Elaegnus umbellata), and sweet pepperbush (Clethra alnifolia). 

 

Figure 1.  Map of the east coast of the U.S. showing the location of Newark, DE and 

Philadelphia, PA. A total of eighteen red maple trees from six forests, three forests in each city, were 

sampled in August 2018. 

4.2 Experimental design and tree selection, 

Three forests experiencing high levels of urbanization in Newark, DE (Ecology Woods, Chrysler 

Woods and Webb Farm) and in Philadelphia, PA (Chamounix, Parkline Drive and Smith Memorial) 

were selected for the study. Therefore, this study focused on the impacts of metro-scale urbanization 

pressures on leaf morphology and anatomy traits in urban trees. Three red maple trees were 

randomly selected in the three forests in Newark (n = 9) and Philadelphia (n = 9). Red maple tree 

selection details are described in McDermot et al. (in review). Leaf sampling was conducted at mid 

and upper canopy of red maple trees (n = 18) using a pole pruner or by climbing the tree in August 

2018. Leaf samples were stored at 4°C during collection in the field prior to transport to the laboratory 

for leaf morphology and anatomical characterization. 

4.3 Leaf morphology trait measurements 

On fully grown leaves (n = 36) collected from mature red maples in Newark and Philadelphia 

forests, the following measurements were performed: saturated fresh leaf weight (FLW), dry leaf 

weight (DLW), dry leaf area (DLA), specific leaf area (SLA), leaf water content (LWC), and leaf dry 

matter content (LDMC). Fresh leaf samples (n = 180) were allowed to equilibrate to room temperature 

and FLW was recorded using a laboratory balance. Leaf samples (n = 180) were oven-dried at 55°C 

for 48 h for DLW and followed by measurements of DLA using a desktop scanner. The following 

calculations for leaf morphology were performed: 

SLA = DLA/DLW 
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LDMC = DLW/FLW 

LWC = ((FLW-DLW)/FLW) * 100) 

4.4 Leaf anatomy trait measurements 

Two fully healthy grown and similar size leaves from each red maple tree were punched (n = 

36) with a 1 mm2 disc in locations (left or right of mid vein) that were visibly similar. Each leaf disc 

was added to a tray well and covered with paraformaldehyde (0.4%, 1 mL) and triton (0.005%) for 

fixing cells. A polystyrene sphere was placed into each well to hold the leaf disc in place. Trays 

containing leaf discs were placed into a bell jar and vacuumed (30 Hg pulse, X3) and stored at 4°C 

under vacuum overnight. Fixative was aspirated from leaf discs and washed three times with 

phosphate buffered saline (1xPBS, 1.5 mL) for sectioning and staining prior to microscopic analysis. 

Each individual leaf disc was added to a cassette and immersed in a beaker containing 1 x PBS (50 

mL). Each leaf disc was processed (Leica ASP 300S tissue processor) and embedded into a paraffin. 

The sections were cut at on a Microm HM 335E paraffin microtome. Sectioned leaf discs (n = 36; 5 

µm; 40X objective) were stained with safranin O and fast green then placed between a cover glass 

and imaged in brightfield. Whole slide imaging was performed on the vertical section of the leaf 

tissue using an Aperio AT2 brightfield scanner (Leica Biosystems), and the Aperio eSlide Manager 

software toolkit was used to perform anatomical trait measurements of the upper epidermal 

thickness (UET), stomatal length (SL), stomatal width (SW), spongy mesophyll length (SML), spongy 

palisade length (SPL), and microscopic leaf thickness (LTm) of the leaf tissue.  

For the leaf abaxial surface imaging, each leaf disc (n = 36) was covered with 1xPBS (2 mL) 

solution followed by the addition of calcofluor white (1:100, 1%, 1mL) and propidium. A leaf disc 

was removed and placed between two pieces of cover glass. Leaf discs were imaged on the Echo 

Revolve microscope in the upright configuration. All images were obtained with the CFP filter. Using 

the 2X objective and starting at the bottom right corner of the leaf disc, samples were moved 1 field 

of view to the left and 1 field of view up to enable unbiased analysis of stomatal density. One image 

was taken at the 2X magnification to highlight the field of view. The objective was switched to 4X 

and another image was obtained. The leaf disc between cover glass was inverted and the process was 

repeated for the other side of the leaf. Quantification of stomatal density was obtained from 

calculations of 4X images of the leaf disc abaxial surface. All quantifications were performed using 

the Revolve software. Three regions of interest from each image were randomly chosen for analysis. 

Statistical analysis 

All data analyses were conducted in R (Version 3.3.3; R Core Team, 2019). Statistical significance 

is reported at the α = 0.10 critical value. Analysis of differences in foliar fresh weight (FLW), dry 

weight (DLW), dry leaf area (DLA), specific leaf area (SLA), leaf water content (LWC), stomatal length 

(SL), stomatal width (SW), and upper epidermal thickness (UET) between the cities were analyzed 

using a one-way analysis of variance (ANOVA) for data that met the assumptions of normality and 

homoscedasticity. Leaf morphology and anatomy traits were analyzed using the Kruskal-Wallis non-

parametric analysis of variance test when the assumptions of normality and homoscedasticity were 

not met. 

5. Conclusions 

Our study shows that a greater magnitude of urban pressure was associated with larger stomatal 

size in red maple trees in Philadelphia forests, which may lead to acclimation and prolonged tree 

health. In Philadelphia, increased stomate length and width in leaves of red maple trees demonstrate 

an acclimation response to increased nutrient loads, toxic metals, UHI, increased atmospheric CO2, 

and higher N deposition inputs. These results suggest that city size can be a proxy for evaluating 

different magnitudes of urbanization pressure (metro-scale impacts) on the leaf anatomy and 

morphology response to abiotic stresses in trees in urban landscapes. The observed acclimation in 

red maple trees to altered aboveground and belowground conditions, while maintaining higher 
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productivity, supports the suitability of this tree species for biomonitoring urban forest health and 

metropolitan  conditions. 
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