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ABSTRACT: Urban trees could represent important short- and
long-term landscape sinks for elemental carbon (EC). Therefore, we
quantified foliar EC accumulation by two widespread oak tree
species—Quercus stellata (post oak) and Quercus virginiana (live
oak)—as well as leaf litterfall EC flux to soil from April 2017 to
March 2018 in the City of Denton, Texas, within the Dallas-Fort
Worth metropolitan area. Post oak trees accumulated 1.9-fold more
EC (299 + 45 mg EC m™* canopy yr ') compared to live oak trees
(160 + 31 mg EC m™* canopy yr ). However, in the fall, these oak
species converged in their EC accumulation rates, with ~70% of
annual accumulation occurring during fall and on leaf surfaces. The
flux of EC to the ground via leaf litterfall mirrored leaf-fall patterns,
with post oaks and live oaks delivering ~60% of annual leaf litterfall
EC in fall and early spring, respectively. We estimate that post oak
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and live oak trees in this urban ecosystem potentially accumulate 3.5 t EC yr™!, equivalent to ~32% of annual vehicular EC
emissions from the city. Thus, city trees are significant sinks for EC and represent potential avenues for climate and air quality

mitigation in urban areas.

B INTRODUCTION

Urban areas cover <1% of the Earth’s land surface,"” yet they
represent globally significant sources of two major climate-
forcing agents: carbon dioxide (CO,) and black carbon
(hereafter elemental carbon (EC)*™°). A product of fossil
fuel/biofuel combustion and biomass burning, EC—com-
monly referred to as “soot” in urban areas—is emitted directly
into the atmosphere in the form of fine particulate matter
(<2.5 ym in diameter, PM,). In urban areas, diesel fuel
exhaust is the primary source of atmospheric EC." Although
airborne EC comprises a small fraction of total PM, 5 in U.S.
(~12%; reference 6) and European cities (~<15%; reference
7), arguably, it constitutes one of the most significant
components of urban PM, g: first, EC absorbs incoming solar
radiation in a broader range of wavelengths than CO,, and in
urban areas, its warming potential can be enhanced upon
interaction with other pollutants.® Second, as a component of
PM,;, EC contributes to reduced visibility’” and poor air
quality. Inhalation of EC particles has been shown to cause
cardiovascular and respiratory complications as well as
mortality.'~"> Because EC resides in the atmosphere for
days to weeks,"” these atmospheric and human health impacts
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tend to be concentrated around urban and other source
regions.14

Urban vegetation has been purported to filter pollu-
tants'*~'® thus improving air quality in cities. Fine particles,
including EC, dry-deposit directly onto leaf surfaces or adhere
to leaf epicuticular waxes'>'? where they accumulate on leaf
surfaces. In fact, maintaining urban vegetation may meet the
twin goals of climate mitigation®’ and improved air
quality.”' =

Tall tree canopies likely represent important sinks for EC on
the urban landscape because of their efficiency in filtering
particles from the atmosphere.”*™ It is well established that
particle inputs to tree canopies, with their high leaf area and
surface roughness, are often greater than those to short-
statured vegetation (e.g., references 27—30). Empirical
research shows that considerable amounts of PM, 5 can deposit
to—and accumulate on—Ileaf surfaces with strong contrasts
among tree species.'”~'*' 7" Following deposition, particles

Received: May 28, 2019
Revised:  August 11, 2019
Accepted: August 12, 2019

Published: August 12, 2019

DOI: 10.1021/acs.est.9b02844
Environ. Sci. Technol. 2019, 53, 10092—10101


pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.9b02844
http://dx.doi.org/10.1021/acs.est.9b02844

Environmental Science & Technology

=

=
|

05 1 2kms] AN
NG Use

O Live oak, Foliar . Post oak, Foliar
[] Live oak, Litterfall

O Live oak, Foliar and Litterfall

B Post oak, Litterfall

[/} Post oak distribution
Live oak distribution

[B Postoak, Foliar and Litterfall /// Post and live oak distribution

Figure 1. Sites in the City of Denton, Texas (left), where foliar elemental carbon and litterfall sampling were conducted from April 2017 to March
2018. Situation of the City of Denton downwind of the Dallas-Fort Worth metropolitan area (right inset), and the distribution of post oak and live

oak in the southern U.S. and its cities (black areas).

can be resuspended back to the atmosphere, washed from
surfaces into throughfall, and/or retained in the canopy until
leaf fall. Though seldom measured (but see reference 38), EC
transported to soil with litter may become incorporated into a
slow cycling carbon pool and contribute to long-term carbon
sequestration.”’40

In order to assess the potential for urban trees to function as
EC sinks, coupled measurements of EC accumulation on leaf
surfaces and EC flux to soil are critical. Here, our objectives
were to (1) quantify EC accumulation on two widespread oak
species at leaf- and canopy-scales; (2) quantify the magnitude
of leaf litterfall EC fluxes to soil; (3) examine the influence of
species and season on EC accumulation and leaf litterfall EC
flux; and (4) make a back-of-the envelope calculation of the
potential annual vehicular EC emissions scavenged by urban
trees and redistributed to soils.

B MATERIALS AND METHODS

Study Area. This study was conducted in the City of
Denton (33.2148°N, 97.1331°W), Texas, located in the
Dallas-Fort Worth (DFW) metropolitan area (Figure 1).
Climate in the area is humid subtropical, with hot summers,
cool winters, and high inter- and intra-annual rainfall
variability. Daily temperature is highest during summer,
ranging from 27 to 38 °C, and lowest in winter, ranging
from 0.6 to 13 °C.*' Mean annual rainfall (1981-2010)
measured at Denton Enterprise Airport (KDTO) is 983 + 233
mm (+1 SD; reference 41). During this study, from April 2017
to March 2018, rainfall measured at an urban weather station
(KTXDENTO30) totaled 946 mm (Figure 2). Periods of
heavy and intense rainfall occur during spring and fall and are
followed by dry spells of varying duration during summer and
winter.*'

The City of Denton is part of one of the fastest growing
counties in the U.S. (i.e, Denton County: 17% rate of increase

from April 2010 to July 2017; reference 42). Although the City
of Denton has a smaller population (~136000) than the cities
of Fort Worth (~874000) and Dallas (~1341000), it
experiences poor air quality due to its location along two
major interstate highways and downwind of the metropolitan
core area (Figure 1). The Texas Commission on Environ-
mental Quality (TCEQ) monitors nitrogen oxides (NO,),
ozone (0O;), and PM, ¢ at Denton Airport South Continuous
Ambient Monitoring Station (CAMS 56). From 2016 to 2018,
the City of Denton’s mean annual PM, 5 concentration was 7.7
ug m~>.* The primary National Ambient Air Quality Standard
(NAAQS) for PM,; is an annual average of 12 ug m™
averaged over three years. The city’s fourth highest daily
maximum 8 h average O; concentration during this 3-year
period was among the highest in the State of Texas, 75 ppb,"
exceeding the NAAQS of 70 ppb.**

According to an urban forest resource assessment conducted
in 2016, the City of Denton has ~3.5 million trees, which
cover 30% of the city’s area.”” The City of Denton is thus
similar to other U.S. cities, where urban tree cover is, on
average, ~ 399%.%

Tree Selection and Foliar Elemental Carbon Sam-
pling. Two tree species with broad geographic distribution
throughout the urban U.S. south (Figure 1) and that are
widespread in the greater DFW area were selected to examine
the role of tree canopies as sinks for elemental carbon (EC).
The focal species were post oak (Quercus stellata Wang.) and
live oak (Quercus virginiana Mill.)

We quantified EC accumulation on the leaf surface
(hereafter on-surface EC) and in the leaf wax (hereafter in-
wax EC) of 20 urban oak trees distributed across the City of
Denton. Elemental carbon accumulation is an underestimate of
dry EC deposition (ie., total accumulation) because there is
some resuspension of dry-deposited particles from leaf
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Figure 2. Daily maximum (light blue) and mean (dark blue) wind speed (m s™") and daily rainfall (mm) measured at an urban weather station
(KTXDENTO30) in the City of Denton, Texas, and 3-day atmospheric elemental carbon concentrations (4g m™) measured at the Chemical
Speciation Network Dallas Hinton site from April 2017 to March 2018. Black leaves indicate sampling dates. Monthly mean () wind speeds, total
() rainfall, and mean () elemental carbon concentrations per season are reported.

surfaces. Therefore, hereafter, we use the term net EC
accumulation to describe what we measured.

Ten post oak and ten live oak trees were selected for foliar
sampling (Figure 1; Table S1) based on accessibility as well as
proximity to roads (<100 m, > 100 m). To the extent possible,
post oak and live oak trees in close proximity were chosen to
ensure that species differences were not confounded by local
emissions sources. Six pairs of trees were located <200 m
apart, while four pairs were sampled in similar settings (i.e.,
near or far from road but were not colocated). Trees were
generally large, with tree diameter at breast height (dbh)
ranging from 32 to 88 cm and tree height ranging from 9 to 16
m. Leaf area index (LAI) ranged from 2 to 4.75 m* m™2 On
average, the dbh, height, and LAI of post oak and live oak trees
were similar, and at the time of sampling, all trees appeared
healthy and vigorous.

Foliar sampling was conducted once a month during the
growing season. Samples were collected from April 2017 to
November 2017 for post oak and from April 2017 to March
2018 for live oak for a total of 8 and 12 sampling periods per
species, respectively (Figure 2). During each sampling period, a
Notch Equipment Big Shot line-launcher was used to remove
small clusters of leaves from three locations on the outer
surface of the crown. Leaves were sampled from the south-
facing side of each tree between 135 and 225 degrees. We
sampled consistently the south-facing side of trees’’ because
during most of the year, prevailing winds are from the south,
where the dominant EC emissions sources (i.e, DFW,
highways) in our region are located. More details on foliar
sampling are provided in the Supporting Information.

Foliar Extraction and Elemental Carbon Analysis. Leaf
samples were transported in brown paper bags to the
Ecosystem Geography Laboratory at the University of North
Texas, where on-surface and in-wax net EC accumulation were
determined using a two-step foliar extraction technique.'>**
First, leaves were rinsed in 250 mL of double-deionized (DDI)
water for 60 s to remove on-surface EC particles. To increase
EC recovery, 1.5 g of ammonium dihydrogen phosphate

((NH,)H,PO,) per 100 mL of water were added to each
rinsewater sample.” Samples were then sonicated in a
HealthSonics Ultrasonic Cleaner T3.3C (HealthSonics,
Algonquin, IL) for 15 min, poured into a glass amber bottle,
and refrigerated overnight. The following day, rinsewater
samples were filtered through an Advantec 13 mm filter funnel
into a Buchner flask over a 13 mm? punch of Pall quartz-fiber
filter (Pall Corp., Washington, NY). Leaves were then rinsed
with 150 mL of chloroform to dissolve the epicuticular wax
layer and extract in-wax EC. Chloroform extracts were filtered
using the same process as the rinsewater samples.

Two lab blank samples (i.e, one rinsewater blank, one
chloroform blank) per sampling period (n = 24 blanks total)
were extracted following the procedures described above.
Filters were placed in individual clean Petri dishes, desiccated
overnight, and stored in a freezer until analysis could be
performed. A total of 200 water samples and 200 chloroform
samples were analyzed, with 24 total sample blanks.

Samples were analyzed on a Sunset Laboratory Organic
Carbon/Elemental Carbon (OC/EC) Aerosol Analyzer
(Sunset Laboratories, Inc., Tigard, OR). Briefly, the OC/EC
instrument determines the split of OC and EC through a
thermal optical process. Samples are heated first in a 100%
helium (He) atmosphere for determination of organic carbon
and then a 10% oxygen/He mixture is introduced into the
system for the determination of EC. The transmission of a 678
nm laser through the filter is continuously monitored
throughout the analysis to determine the split between OC
and EC. For quality assurance, one oven blank was analyzed
each time the instrument was turned on, and two sucrose spike
samples [S uL (17.58 pug C) and 10 uL (35.16 ug C)] were
analyzed to ensure calibration after every 10 samples. The
minimum limit of detection for the instrument was 0.21 pug of
EC per cm? of filter. See Supporting Information for details on
foliar extraction and EC determination.

Litterfall Site Selection and Sampling. To quantify leaf
litterfall EC flux to below-canopy soils, 20 post oak and 15 live
oak trees were selected for litterfall sampling across the City of
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Table 1. Seasonal and Annual On-Surface and In-Wax Net Elemental Carbon (EC) Accumulation at Leaf- and Canopy-Scales
for 10 Post Oak and 10 Live Oak Trees Sampled in the City of Denton, Texas, from April 2017 to March 2018“

On surface (mg m™2 leaf)

In wax (mg m™? leaf)

Post oak Live oak Post oak Live oak
Spring 2017 54 £+ 0.99 1.06 + 0.17 5.0 £ 2.01 0.75 + 0.53
Summer 2017 29 + 6.7 2.3 + 0.54 0.56 + 0.11 0.13 + 0.018
Fall 2017 83 + 12 34 £ 10 14 + 043 0.15 + 0.029
Winter 2017 0 99 £ 1.8 0 0.13 + 0.020
Spring 2018 ns. 3.04 + 0.64 ns. 1.3 +0.30
Annual 118 + 17 S1+13 6.9 + 2.1 2.4 + 0.59

On surface (mg m™> canopy) In wax (mg m™> canopy)

Post oak Live oak Post oak Live oak
Spring 2017 12 £ 1.7 34 + 045 12 + 4.9 20+ 12
Summer 2017 69 + 15 72+ 12 1.3 £ 0.19 0.43 + 0.055
Fall 2017 201 + 36 103 + 23 32+ 12 0.51 £ 0.11
Winter 2017 0 31 + 64 0 0.40 + 0.50
Spring 2018 n.s. 8.7+ 1.9 n.s. 3.5+ 69
Annual 282 + 45 153 + 30 16.5 £ 5.6 6.8 + 1.5

“Numbers do not always sum due to rounding; “n.s.” indicates “not sampled”.

Denton (Figure 1). Litterfall sampling sites were located in
residential and other surveilled areas where traps were less
likely to be disturbed or stolen. Eleven trees selected for foliar
sampling did not have associated leaf litterfall measurements
because these trees were located in public spaces where
litterfall trap installation was restricted. Litterfall traps were
constructed following the National Atmospheric Deposition
Program (NADP) Litterfall Mercury Monitoring Initiative
protocol.*” Each litterfall trap consisted of a 33.02 cm? plastic
crate with 27.94 cm walls on each side. Fiberglass 2 mm thick
screenware mesh lined the bottom and sides of the box to
allow water drainage. Samplers were placed midway between
the base of the tree and the outer canopy, on the south side of
the between 135 and 225 degrees. Samples were collected
every 2 weeks from 2 April 2017 to 1 April 2018 for a total of
26 sample weeks. Samples were placed in brown paper bags,
transported to the laboratory, and sorted into leafy and
nonleafy (e.g, twigs, seeds) categories. Samples were oven-
dried (Thermo Fisher Scientific, Waltham, MA) at 65 °C for 2
days and then weighed to the nearest hundredth, and sample
weight (g) was recorded.

Statistical Analyses. Net EC accumulation and leaf
litterfall EC fluxes were calculated per tree for each season
and year. At leaf- and canopy-scales, we estimated total net EC
accumulation as the sum of on-surface and in-wax net EC
accumulation. We estimated total potential EC flux to the
ground via leaf litterfall as the sum of on-surface and in-wax
leaf litterfall EC flux. Detailed calculations and equations are
provided in the Supporting Information and Figure SI.

All variables were first tested for normality using the
Shapiro-Wilk W goodness of fit test. Where variables did not fit
a normal distribution, they were log-transformed. To examine
differences in on-surface, in-wax, and total net EC accumu-
lation, a two-way ANOVA was conducted to test for the effects
of species, season, and species by season interactions.’’
Similarly, we used a two-way ANOVA to examine the effects
of species, season, and species by season interactions on leaf
litterfall EC fluxes. When interactions were significant, simple
effects were analyzed using one-way ANOVA followed by
Tukey’s posthoc test for seasonal comparisons.”” Significance

was set at p < 0.1. All calculations and statistical analyses were
performed using JMP v14.”'

3. RESULTS AND DISCUSSION

Our findings demonstrate that two oak tree species widespread
across the southern U.S. represent significant short-term sinks
for urban EC and, via litterfall, important EC inputs to the soil.
Annually, post oak trees accumulated 125 + 17 mg EC m™>
leaf (299 + 45 mg EC m > canopy) while live oak trees
accumulated 53 + 13 mg EC m™ leaf (160 + 31 mg EC m™
canopy) during dry periods (Table 1). We know of only one
other empirical study conducted in Tokyo, Japan—the largest
metropolitan area in the world—of net EC accumulation by
urban tree canopies. In that study, net EC accumulation by
konara oak (Quercus serrata) leaves quantified using a foliar
rinse method similar to ours was ~43—50 mg EC m™ leaf
yr,** similar to estimates for live oak but ~3-fold lower than
for post oak.

A recent synthesis by Barrett et al.”> found that, on average,
rainfall delivers 0.16 mg EC m™> d™' (58 mg EC m > yr™') to
urban sites in the Northern Hemisphere. Assuming a similar
wet EC deposition rate in the DFW metropolitan area and
assuming that net EC accumulation is a good proxy for dry
deposition, dry EC deposition to urban oak tree canopies
represents 73—84% of total (wet + dry) EC deposition. In a
tropical deciduous forest in Thailand, dry deposition (212 m,
EC m™2 yr') comprised 92% of total EC deposition.>
Though few in number, these studies confirm that tree
canopies scrub significant amounts of atmospheric EC by
enhancing dry deposition.

Net EC Accumulation Differs between Urban Oak
Tree Species. Leaf surfaces were the dominant site of EC
accumulation for post oak and live oak (Figure 3), yet these
species exhibited pronounced differences in the magnitude of
net EC accumulation (Figure 3; Table 1). On-surface, in-wax,
and total (on-surface + in-wax) net EC accumulation by post
oak leaves was consistently higher than that by live oak leaves
(all p-values < 0.0001), with post oaks accumulating 2.5—12-
fold more EC on leaf surfaces and in leaf waxes depending on
the season. At the canopy-scale, species differences were also
significant for both sites of deposition (on-surface and in-wax,
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Figure 3. Total (on-surface + in-wax) annual net elemental carbon (EC) accumulation at (a) leaf- and (b) canopy-scales for 10 post oak and 10 live
oak trees sampled in the City of Denton, Texas, from April 2017 to March 2018.
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p < 0.0001) but were slightly smaller because of the lower LAI
of post oak compared to live oak (2.4 and 3.4, respectively).
Annually, post oak leaves accumulated 2.3 times more total net
EC than live oak leaves (Figure 3a), while post oak canopies
accumulated 1.9-fold more total EC than live oak canopies
(Figure 3b).

Numerous studies show wide variation in PM accumulation
by trees in urban areas owing to some combination of leaf (e.g,,
size, complexity, surface properties) and/or canopy (e.g., habit,
leaf density) characteristics.>~'7?"%3%3534757 1y general, PM
accumulation has been shown to increase with trichome
presence and/or density.'”*"%%°

Our preliminary observations of immature post oak and live
oak leaves revealed only sparse trichomes on the upper leaf
surface of both species. With the exception of post oaks, most
oaks, including live oaks, lose these adaxial trichomes with leaf
age.”” However, on the lower surface, live oak leaves had
trichomes that were more densely packed and layered
compared to those of post oak leaves (Supporting Information,
Figure S2). These qualitative observations suggest that neither
trichome presence nor greater trichome density is likely to
contribute to higher net EC accumulation by post oak leaves.
Leaf dimension also cannot explain the species difference we
observed. The surface area of post oak leaves was ~3-fold
greater than that of live oak leaves, but larger leaves have
thicker boundary layers and thus a lower collection efliciency
of ultrafine particles than smaller leaves.’'
magnitude of the species difference was similar for both sites
of EC accumulation (on-surface and in-wax), canopy structure
(e.g, tree architecture) may have played a more important role
than leaf traits in controlling net EC accumulation.

Because the

10096

Seasonal Changes in Net EC Accumulation. Post oak
and live oak trees differed in the magnitude of net EC
accumulation but followed similar seasonal accumulation
patterns (Figure 4; Table 1). The amount of on-surface EC
accumulation was lowest in spring, intermediate in summer,
and highest in fall at leaf- and canopy-scales (all p-values <0.1;
Figure 4a). Seasonal differences were due to variations in daily
net EC accumulation rather than total number of dry days per
season, which was similar among individual trees and seasons
(Figure S3). In-wax EC showed the opposite pattern with
higher accumulation in spring compared to summer (p <
0.001) and fall (p < 0.01; Figure 4b).

Although our data are not extensive enough to provide
definitive answers, these seasonal changes in particulate
accumulation may be due to differences in atmospheric EC
concentrations, meteorological conditions, and/or interactions
between EC particles and leaf surfaces.”” Our measurements
revealed that the vast majority (~70% of on-surface, ~ 67% of
total) of EC accumulation occurred during fall (Table 1),
when atmospheric EC concentrations in Dallas are elevated®’
(Figure 2). The fall/winter maximum in atmospheric EC that
characterizes Dallas likely reflects the combined influence of
increased residential wood burning and/or vehicle exhaust and
a shift from prevailing southerly winds in spring/summer to
northerly winds in fall/winter.** Together with changes in local
emissions and source region, it is possible that drier than
average fall conditions (Figure 2) exacerbated the spike in fall
net EC accumulation.

Meteorological factors also directly influence particle
accumulation on vegetation surfaces through effects on dry
deposition and resuspension. Particle deposition generally
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Table 2. Seasonal and Annual Leaf Litterfall and Total, On-Surface, and In-Wax Net Elemental Carbon (EC) Delivered to the
Ground via Leaf Litterfall for 20 Post Oak and 15 Live Oak Trees Sampled in the City of Denton, Texas, from April 2017 to

March 2018“

Leaf litterfall (g m™2)

Total leaf litterfall EC (mg m™2)

Post oak Live oak Post oak Live oak
Spring 2017 19 + 4.02 38 + 5.1 0.096 + 0.017 0.038 + 0.0049
Summer 2017 21 + 44 17 +£ 3.2 0.52 + 0.11 0.032 + 0.0062
Fall 2017 198 + 26 70 + 18 7.2 + 0.87 0.36 + 0.078
Winter 2017 107 + 14 83 + 15 4.0 + 0.46 12 + 023
Spring 2018 7.1 +£2.0 164 + 20 0.39 + 0.086 2.7 £ 033
Annual 375 + 38 366 + 34 13 £ 12 42 + 047

On-surface leaf litterfall EC (mg m™2) In-wax leaf litterfall EC (mg m™2)

Post oak Live oak Post oak Live oak
Spring 2017 0.033 + 0.0055 0.015 + 0.0019 0.064 + 0.012 0.023 =+ 0.0030
Summer 2017 0.43 + 0.097 0.014 + 0.0027 0.093 + 0.018 0.018 + 0.0036
Fall 2017 6.3 + 0.76 0.25 + 0.056 0.92 + 0.11 0.11 + 0.023
Winter 2017 3.5 +0.39 0.92 + 0.19 0.57 + 0.065 0.27 £+ 0.048
Spring 2018 0.34 + 0.074 1.9 + 0.23 0.057 + 0.013 0.85 + 0.10
Annual 11 + 1.01 29 + 0.34 1.8 + 0.16 1.2 + 0.13

“Seasonal values may not sum to annual values (19 post oak, 13 live oak) due to varying number of litterfall traps.

increases with wind speed (e.g., 2-fold with a 5-fold increase in
wind speed for Quercus robur; reference 65) up to a point after
which deposition reaches a plateau.””*> In our urban
ecosystem, daily mean and daily maximum wind speeds are
higher in spring and lower in summer and fall (Figure 2),
opposite seasonal patterns of on-surface and total net EC
accumulation. Very high wind speeds (e.g, > 10 m s7';
reference 66) can also drive resuspension, but infrequent
occurrence of such high wind speeds coupled with the small
size of EC particles—which are thought to undergo little
resuspension’”**—suggest that this process was not a major
factor driving low spring EC accumulation.

Species Convergence in Net EC Accumulation Over
Time. We detected a significant species by season interaction
effect, whereby leaf- and canopy-scale differences in on-surface
and total net EC accumulation between post oak and live oak
were highest in summer and lowest in fall (all p-values <0.05).
Seasonal changes in atmospheric EC concentrations coupled
with alterations in leaf morphology and wettability®”" likely
contributed to the convergence in on-surface net EC
accumulation rates between species during the fall season
(Figure 4a). During leaf expansion, leaves synthesize
epicuticular waxes that coat the leaf cuticle. This waxy layer
has several functions, including protection against water and
nutrient loss, pathogen attack, and toxins.”' With respect to
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particle deposition, some research has shown a positive
correlation between species leaf wax content and in-wax
particle accumulation.'”'”*>”> The microroughness caused by
wax structures has also been found to enhance fine particle
deposition by reducing the leaf boundary layer and increasing
the surface area available for capture.”””* However, because
leaf waxes are hydrophobic, particles that deposit to waxy leaf
surfaces (as opposed to adsorbing to the wax itself) can be
readily washed off with rain, a phenomenon referred to as the
“Lotus effect”.”* In other words, epicuticular waxes enhance in-
wax and on-surface particle deposition while reducing on-
surface particle retention. Thus, in-wax particle accumulation
tends to be relatively more important in seasons (e.g., spring)
when wax content is high’”> and/or leaves are more water
repellent due to undamaged wax structures.”””

Indeed, we found that rates of in-wax EC accumulation
peaked in spring but then decreased sharply from April to June
(Figure 4b). Though the effects are species-dependent, it is
well established that leaf epicuticular waxes undergo chemical
and structural changes over time as a result of diverse
environmental factors,76 including rain,”” wind,”® gaseous (e.%.,
Oj; nitric acid; reference 79; Figure 2) and particulateso’ !
deposition, and biological processes.”” For example, Neinhuis
and Barthlott® showed that Quercus robur leaves were water
repellent for about 2 weeks following leaf expansion in spring,
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after which they observed a rapid decline in hydrophobicity
(i.e, an increase in wettability). Wang et al.”® also found that
the leaves of urban tree species became less water repellent
with leaf age. In all of these studies, this apparent “wax
degradation” was accompanied by a consistent increase in on-
surface particle accumulation from spring to fall, indicating
greater particle retention on leaf surfaces with time.

EC Fluxes to the Ground via Leaf Litterfall. Post oak
and live oak trees produced similar quantities of leaf litter, yet
EC flux to the soil varied 3-fold between species (p < 0.0001;
Figure S; Table 2). Although not all trees sampled for foliar EC
had associated litterfall measurements, leaf litterfall EC fluxes
did not differ among trees with and without matched sampling.
This suggests that our sampling design did not significantly
affect our estimates of leaf litterfall EC fluxes. In fact, our
estimate for post oak (13 mg m™ yr~') was comparable to that
for konara oak (~11 mg m™ yr!) in Tokyo, Japan.”® It is
important to note, however, that both studies underestimate
total potential EC flux to the soil with litter because EC falls to
the soil not only on leaves but also on twigs, branches, and leaf
and wood fragments. We did not quantify EC accumulation on
these canopy surfaces but nonleaf litterfall was ~50% of the
total litterfall mass, suggesting its potential importance in EC
transfer from canopy to ground.

Seasonally, leaf litterfall EC fluxes mirrored leaf fall patterns
(Table 2). Like konara oak, post oak is deciduous, therefore
there was a large pulse of EC to the ground during the fall
season that was higher compared to that during other seasons
(p < 0.0001; Figure S; Table 2). For live oak, the highest EC
fluxes occurred in spring 2018 (p < 0.0001; Figure S; Table 2).
In fact, 55% of the total annual potential leaf litterfall EC flux
under post oak occurred during fall whereas for live oak 64% of
the annual flux occurred during spring 2018. Species
differences in total potential EC flux to the ground were
exacerbated during fall (~20-fold higher for post oak than live
oak) due to the combined effect of post oak leaf abscission and
elevated on-surface net EC accumulation (Figure 4a).

These asynchronous peaks in leaf litterfall EC could have
implications for the release of EC from litter. In situ rates of
leaf litter decomposition vary widely among urban tree
species®® but increase with warmer and wetter conditions.
Thus, we might expect faster rates of EC release from litter
during spring compared to fall as a result of higher
decomposition rates. In addition, we showed that for both
species, most of the EC transported to the ground with leaf
litter likely resides on leaf surfaces (~85% for post oak, ~ 70%
for live oak) rather than in leaf waxes, with potential effects on
the mobility of EC and subsequent incorporation into soil.
Where trees overhang paved areas, leaf litterfall EC may be
transported with runoff into storm drains and eventually into
streams and lakes or reservoirs,””** thereby affecting long-
term, terrestrial EC retention. Clearly, the cycling and fate of
EC under urban trees following litterfall warrants further
attention.*

Urban Oak Trees Have High EC Scavenging
Potentials. In 2016, there were an estimated 301937 post
oak trees with a total leaf area of 26 km* and 23665 live oak
trees with a total leaf area of 3.1 km? in the City of Denton.*
Using these leaf area data, we estimate that post oak and live
oak trees in our study area together potentially accumulate
around 3.5 t EC yr, a fraction of which is delivered to the
ground via leaf litterfall. We find that this is equivalent to
~32% of annual vehicular EC emissions (10.9 t EC yr™') from

the City of Denton (see Supporting Information for
calculations).

Our findings are especially relevant for cities across the
southern U.S. where post oak and live oak are broadly
distributed (Figure 1) and where, under future climate change
scenarios, models project an expansion in their potential
distributions.®® Moreover, compared to the western U.S,,
atmospheric EC concentrations in the eastern U.S. are
elevated.®” Although rainfall increases east of the DFW area,
even in these wetter climates dry deposition can comprise an
important fraction of total (wet + dry) atmospheric
deposition.*® Thus, these urban oak trees are significant sinks
for EC, with implications for climate and air quality mitigation
in U.S. cities.
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