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Abstract Rates of atmospheric deposition are declining across the United States, yet urban areas
remain hotspots of atmospheric deposition. While past studies show elevated rates of inorganic nitrogen
(N) deposition in cities, less is known about atmospheric inputs of organic N, organic carbon (C), and
organic and inorganic phosphorus (P), all of which can affect ecosystem processes, water quality, and air
quality. Further, the effect of the tree canopy on amounts and forms of nutrients reaching urban ground
surfaces is not well-characterized. We measured growing season rates of total N, organic C, and total

P in bulk atmospheric inputs, throughfall, and soil solution around the greater Boston area. We found
that organic N constitutes a third of total N inputs, organic C inputs are comparable to rural inputs, and
inorganic P inputs are 1.2 times higher than those in sewage effluent. Atmospheric inputs are enhanced
two-to-eight times in late spring and are elevated beneath tree canopies, suggesting that trees augment
atmospheric inputs to ground surfaces. Additionally, throughfall inputs may directly enter runoff when
trees extend above impervious surfaces, as is the case with 26.1% of Boston’s tree canopy. Our results
indicate that the urban atmosphere is a significant source of elemental inputs that may impact urban
ecosystems and efforts to improve water quality, particularly in terms of P. Further, as cities create policies
encouraging tree planting to provide ecosystem services, locating trees above permeable surfaces to
reduce runoff nutrient loads may be essential to managing urban biogeochemical cycling and water
quality.

1. Introduction

Rates of atmospheric deposition, particularly of nitrate (NO;7), have been declining around the United
States (U.S.) over the last few decades (Li et al., 2016). Despite this broad-scale reduction, urban areas remain
hotspots of atmospheric deposition; recent studies in urban areas demonstrate that rates of atmospheric
deposition of inorganic nitrogen (N) are elevated more than twofold over rural rates, are highly spatially
variable, and are positively correlated with impervious surface area and local vehicular N emissions (Decina
etal., 2017; Fang et al., 2011; Rao et al., 2014; Templer & McCann, 2010). Elevated atmospheric inputs of
inorganic N contribute to eutrophication in waterways (Valiela et al., 1997), a problem both within and near
urban areas (Carpenter et al., 1998; Moore et al., 2003; Paerl, 1997). While national monitoring networks
that measure inorganic N in deposition have generally avoided cities (Lohse et al., 2008), some, including
the National Atmospheric Deposition Program (NADP) in the U.S., have begun to expand into urban areas
such as New York City and Boston, Massachusetts (MA). However, in comparison to atmospheric deposition
of inorganic N, less is known about the controls on and the effects of atmospheric inputs of other important
elements in urban ecosystems, namely those of organic N, organic carbon (C), and phosphorus (P).

Studies dating back over 100 years have shown organic N to be a substantial component of N deposited
in rainwater (Miller, 1905), and others have shown dry deposition to be an important source of organic N
(Gonzélez-Benitez et al., 2009; Matsumoto et al., 2014). Organic N includes a variety of molecules (e.g., urea,
amines, and peptides) found in aqueous, particulate, and gaseous phases with a range of solubility and
reactivity (Cape et al,, 2011). The amount of organic N as a proportion of total N (inorganic + organic N) N
deposition has been found to be about a third in mostly rural locations across 160 studies worldwide and
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58 studies in North America (29% and 35%, respectively; Cornell, 2011). A similar proportion of organic N in
total deposition has also been found in urban areas in studies around the world (Araujo et al., 2015; Chen
etal,, 2015; de Souza et al., 2015; Gonzalez-Benitez et al., 2009; He et al., 2011; Izquieta-Rojano et al., 2016;
Li etal., 2012; Matsumoto et al., 2014). There have been a handful of studies in the U.S. measuring organic
N deposition in small towns in Connecticut and North Carolina, in winter precipitation in Salt Lake City,
Utah and in Miami, Florida; four of these studies either do not report organic N deposition rates or do not
report organic rates in the urban sites individually, and the others report the percentage of organic N in
total N as below 20% (Brezonik et al., 1983; Hall et al., 2016; Keene et al., 2002; Luo et al., 2002; Nadim et al.,
2001; Zamora et al,, 2011). The rate of atmospheric deposition of organic N is thus currently unknown in
many large urban areas throughout the U.S, and as the majority of urban studies only consider atmospheric
inputs of inorganic N, estimates of total N inputs into these ecosystems are likely to be underestimated.

Like organic N, atmospheric deposition of organic C is a large input of organic C to ecosystems, delivering
430Tg of dissolved organic Cinrain to the surface of the Earth per year (Willey et al., 2000), an amount equiv-
alent to about half of the C delivered to oceans by rivers annually (IPCC, 2014). This sizeable deposition flux
has the potential to affect regional C cycling, radiative forcing, and human health through creation of toxic
compounds such as polycyclic aromatic hydrocarbons (Yan & Kim, 2012). Organic C contains compounds
that are varied in structure and chemical properties (Likens & Galloway, 1983). Sources of atmospheric
organic C are both biogenic, such as emission of volatile organic compounds from plants and forest fires,
as well as anthropogenic, such as fossil fuel combustion (lavorivska et al., 2016). A recent review of studies
of deposition of organic C in mostly rural sites reported a global mean wet deposition flux of 34 + 33 kg C
ha=" a~' across 40 sites and a mean wet deposition flux of 21 + 19kg C ha™" a~" across seven sites in North
America (lavorivska et al., 2016). Studies conducted in urban areas have linked atmospheric organic C to
fossil fuel emissions (Huang et al., 2010; Santos et al., 2014; Siudek et al., 2015; Wang et al., 2016; Yan & Kim,
2012) and deposition of organic Chas been shown in some studies to be higher in urban than nonurban sites
(Likens & Galloway, 1983; Lohse et al., 2008; Siudek et al., 2015). To our knowledge, organic Cin precipitation
has only been measured in several cities of varying size and climate across the U.S. (Likens & Galloway, 1983;
Velinsky et al., 1986; Sakugawa & Kaplan, 1993; Willey et al., 2000; Lohse et al., 2008) and at rates comparable
to rural rates, but with so few studies, deposition of organic C in urban areas is still poorly understood.

An essential nutrient for biota, P is often the limiting element for net primary productivity in many ecosys-
tems, with excess inputs causing freshwater eutrophication (Mahowald et al., 2008; Smil, 2000). Rates of
total P (inorganic + organic P) in atmospheric deposition have been found to be minimal across mainly
rural locations in 250 sites around the world and 38 sites in North America (mean rates =0.43 +0.42 and
0.39kg P ha"a™', respectively; Tipping etal., 2014). With many atmospheric sources in cities such as
industrial activity, dust from roads and construction sites, combustion of fossil fuels, fertilizer, and biogenic
particles, it is not surprising that studies in some urban locations report rates of total P deposition elevated
above the mean value for rural sites (Eisenreich et al., 1977; Hou et al., 2012), and in some cases up to 2 kg
P ha='a~' (He etal,, 2011; Pandey et al.,, 2016; Sun et al., 2014). These urban fluxes are comparable to or
greater than mean rates of total P in runoff from a variety of urban land uses (0.7 kg P ha=" a~'; Burton
Jr. & Pitt, 2002). Deposition of P in the U.S. has been measured in urban areas in several states (Brezonik
et al., 1983; Eisenreich et al., 1977; Koelliker et al., 2004; Lohse et al., 2008; Pollman et al., 2002) with variable
rates of atmospheric P deposition reported across studies. As many cities in the U.S. are required by the
U.S. Environmental Protection Agency, as well as local regulatory agencies, to reduce the amount of P in
their waterways (Boyer & Kieser, 2012), quantifying the magnitude of the atmospheric P flux is crucial for
determining and mitigating urban P pollution.

In addition to measuring unaccounted fluxes of organic N, organic C, and organic and inorganic P, it isimpor-
tant to quantify the effect of the urban tree canopy on rates of urban deposition and nutrient budgets.
Extensive work in rural areas has shown that processes within the tree canopy can transform ammonium
(NH,*) and NO,~ through a variety of biological and chemical mechanisms (Balestrini & Tagliaferri, 2001;
Fenn et al., 2013; Kopacek et al., 2009; Lovett & Lindberg, 1993; Ponette-Gonzalez et al., 2015; Templer et al.,
2015a; Zimmermann et al.,, 2006), such as foliar uptake and leaching (Garten Jr. et al., 1998), microbial trans-
formations (Ferm, 1993), the action of epiphytic lichen (Reiners & Olson, 1984), and cation exchange (Tukey
Jr, 1970). The tree canopy has also been suggested to produce P from foliar leaching and to be an impor-
tant source of organic C to the forest floor (Qualls etal., 1991). Moreover, the tree canopy is known to
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augment rates of nutrientinputs to the ground, as well as to waterways (Ormerod et al., 1989; Reynolds et al.,
1986), in nonurban areas through capturing dry deposition (Lovett & Lindberg, 1993) and the production of
pollen (Kopacek et al,, 2011), insect frass (le Mellec et al., 2011), and other biological material (Osono et al.,
2006; Pedersen & Bille-Hansen, 1995). Studies in urban areas have reported elevated rates of throughfall
(inputs beneath tree canopy) compared to bulk (inputs beneath open sky) deposition (Juknys et al., 2007;
Michopoulos et al., 2007; Kimura et al., 2009; Fang et al., 2011; Bettez & Groffman, 2013; Tulloss & Cadenasso,
2015; Izquieta-Rojano et al., 2016, Ponette-Gonzalez et al., 2017). In many studies, however, throughfall has
been measured at a limited number of urban sites and/or has not been collocated with bulk measurements
for direct comparisons. As numerous cities have undertaken urban tree planting efforts to provide ecosys-
tem services such as heat island and pollution reduction (Bealey et al., 2007; Bowler et al., 2010; Brack, 2002;
Tallis et al., 2011), though with questionable efficacy in achieving the latter goal (Vos et al., 2013), it is essen-
tial to determine the potential effects of the tree canopy on delivery of atmospheric inputs to soils and
nearby waterways.

In 2015, we measured organic and inorganic N, organic C, and organic and inorganic P in bulk and through-
fall atmospheric inputs at nine sites throughout the greater Boston area, five of which had collocated bulk
and throughfall measurements. To quantify the effect of urban atmospheric inputs on the loss of organic
and inorganic N, organic C, and organic and inorganic P in bulk in urban soils, we also measured these com-
pounds in soil solution at the five sites with soil present. We expected to find that (1) organic N constitutes
about a third of total atmospheric N inputs, (2) rates of organic C input are comparable or elevated with
respect to rural rates, (3) rates of atmospheric P input are negligible, and (4) inputs of all elements beneath
tree canopies are amplified with respect to atmospheric inputs in open areas.

2. Materials and Methods

2.1. Study Area and Site Selection

The Boston, MA metropolitan area has 4.5 million inhabitants and is the most populous metropolitan area
in New England (U.S. Census Bureau, 2013). The area experiences about 115 cm of precipitation per year,
with a mean pH of 5.3 in rainfall during the time period of the study (data from NADP site MA22), and
mean summer and winter air temperatures of 22.2 and 0.2°C, respectively (National Climatic Data Center,
2016). The state of MA is primarily covered with mixed deciduous forest (Homer et al.,, 2015), with oak trees
(Quercus spp.) among the most common canopy species. We sampled at nine sites. Three sites (sites 1, 6,and
7) were collocated with MA Department of Environmental Protection air quality monitoring stations, three
sites were collocated with current (sites 4 and 9; site 4 was not operational until 3 months after this study
ended) and former (site 3) NADP National Trends Network (NTN) sites, and two were located on rooftops at
Boston University (sites 8 and 9). Ground site 1 and roof site 8 were collocated, with site 1 a distance of 75m
from site 8. Site details are reported in Table 1. Results from a roof-ground comparison of fluxes, as well as a
comparison of NADP NTN wet deposition measurements with bulk ion exchange resin measurements, are
discussed in the Supporting Information S1, including Figures S1 and S2.

2.2. Bulk and Throughfall Total N, Organic C, and Total P

We measured organic and inorganic N, organic C, and organic and inorganic P in both bulk deposition and
throughfall. Bulk measurements were made by placing three ion exchange resin collectors beneath open
sky (no tree canopy) at each site (n = 27 resin collectors total). For sites with throughfall measurements (sites
1-5), three additional ion exchange resin collectors were placed beneath the tree canopy (n =15 resin col-
lectors total). Bulk measurements capture mostly wet (ions dissolved in precipitation) and some dry (partic-
ulate and gaseous) atmosphericinputs (Lovett, 1994). Throughfall measurements have been in common use
for the last three decades to estimate wet and dry N inputs from the atmosphere to the surface of the Earth
(Lovett & Lindberg, 1993; Bettez & Groffman, 2013; and many others). In throughfall, particles and gases
adsorbed or dissolved on leaf cuticle surfaces in the tree canopy wash off during precipitation events, and
the precipitation containing these species as well as ions already dissolved in the precipitation enters the
throughfall collector. As the tree canopy can alter throughfall chemistry by uptake of ions and conversion
of ions by microbes and leaf surfaces (Fenn et al.,, 2013; Lovett & Lindberg, 1993; Sparks, 2009; Templer et al.,
2015a, 2015b), this method provides an approximation, rather than a direct measurement, of total wet and
dry atmospheric inputs. Throughfall measurements do however represent the total nutrient flux reaching
the ground surface, regardless of whether these inputs are atmospheric in nature or are canopy derived.
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Table 1.
Site Details

Measurement Monitoring Dominant canopy
Site Location type Rooftop site species
1 42°20'56.20"'N, 71° 5’52.32""W Bulk, Throughfall No Mass DEP Malus sp.
2 42°21'5.40"'N, 71° 6/40.19"'W Bulk, Throughfall No None Quercus sp.
3 42°23'0.34''N, 71°12/46.52""W Bulk, Throughfall No NADP (inactive) Acer sp.
4 42°17'44.79''N, 71° 7'51.74""W Bulk, Throughfall No NADP (active) Quercus sp.
5 42°17'50.35’'N, 71° 7/10.28""W Bulk, Throughfall No None Prunus sp.
6 42°19/30.50""N, 71° 3/21.62""W Bulk No Mass DEP No canopy
7 42°19'46.41""N, 71° 4'57.69''W Bulk No Mass DEP No canopy
8 42°20/59.12"'N, 71° 5’51.37""W Bulk Yes None No canopy
9 42°21'0.60"'N, 71° 6/ 15.63"'W Bulk Yes NADP (active) No canopy

All sites located in the City of Boston, with the exception of site 3, located in Waltham, MA. NADP = site collocated
with a currently active or inactive National Atmospheric Deposition Program National Trends Network site; Mass
DEP = site collocated with current Massachusetts Department of Environmental Protection air quality monitoring
stations. Sites 1 and 8 were collocated roof and ground sites.

lon exchange resin collectors collected bulk and throughfall inputs between 12-13 May and 23-24
October 2015 (roughly corresponding to the period in which most deciduous trees had leaves in Boston,
MA, hereafter referred to as the “growing season”) and were replaced three times after initial installation for
a total of four measurement periods. These measurement periods are referred to in the textas T1 (12-13
May - 22 June), T2 (22 June-3 August), T3 (3 August-14 September), and T4 (14 September-23-24
October). Each ion exchange resin collector consisted of a polypropylene funnel attached to a 20-mL
polypropylene chromatography column (BioRad, Hercules, CA) filled with mixed anion-cation exchange
resin (Dow Chemical, Midland, MI). A ball of polyester fiberfill was inserted into the opening of the funnel
to filter large particles, and the funnel/column setup was mounted atop a 1-m tall piece of PVC (method
described in greater detail in Templer & McCann, 2010). Charged ions such as NH,* and NO,~, organic C
compounds, and phosphate (PO,3~) were adsorbed onto the ion exchange resin as rainwater percolated
through the chromatography column.

In the laboratory, resin from each ion exchange resin collector was extracted with a total of 150mL 2 M
potassium chloride (KCI) and shaken on a shaker table for three 30-min intervals over 1.5 h. The extract
solution was analyzed for NH,*, NO,~, and PO, 3~ via the colorimetric microplate method (Sims et al., 1995).
Briefly, samples were pipetted into 96-well microplates with two standard curves per plate (one at the
beginning and one at the end) with an external quality control (QC) solution (NH,* ion ERA no. 985; NO;~
ion ERA no. 991; PO,3~ ion ERA no. 993; ERA, Golden, CO) for each curve and a QC and standard check
solution in the middle (after nine samples). Procedures for making and adding reagents to microplates,
as well as analysis of microplates on a microplate reader (VersaMax microplate reader, Molecular Devices,
Sunnyvale, CA) followed Sims et al. (1995) and Doane and Horwath (2003) for NH,* and NO;~ and D’Angelo
et al. (2001) for inorganic P.

Total N and organic C were analyzed on a Total N-Total Organic Carbon Analyzer (Shimadzu, Kyoto, Japan)
in the Weintraub laboratory at the University of Toledo. For analysis of total P, samples underwent an alka-
line persulfate digestion in an autoclave at 120°C for 90 min to convert all P in the sample to inorganic
PO,3 following De Borba et al. (2014). As a digestion efficiency check, samples of a known concentration
of organic P (0.5 ppm glycerophosphate) were digested along with field samples (De Borba et al., 2014).
Based on recovery from this digestion efficiency check, values for total P in samples were adjusted upward
4.9% (Doyle et al., 2004). Organic N and P were determined as the difference between inorganic N or P and
total N or P, respectively. For samples where the total N or P were found to be less than inorganic N or P (33
out of 304 samples, average negative difference = 9.8%), we set organic N or P to zero, resulting in total N
or P being equivalent to inorganic N or P.
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Concentrations in ion exchange extract solutions were converted to per area rates by multiplying concen-
tration by the total volume of KCl used to extract samples (150 mL) and dividing by the surface area of the
funnel top (20.2 cm diameter). Values for bulk and throughfall N, organic C, and total P measurements are
presented three ways: per-day units (kg ha™' d=') in order to examine temporal variation across the sam-
pling dates, per-year units (kg ha™' a~") with growing season flux extrapolated over the year in order to
compare the values from this study to those in other studies, and the measured cumulative growing season
rates for the entire study period (kg ha™" growing season™'; number of days unique to each site, Table S1
in Supporting Information S1). Extrapolating partial year rates to the entire year has been done in multiple
studies (Hou et al,, 2012; Rao et al,, 2014; Tulloss & Cadenasso, 2015), but as deciduous trees do not have the
same amount of adsorptive canopy surface area in winter as trees with leaves, this extrapolation provides
only a rough estimate, rather than an absolute quantification, of potential annual inputs, particularly for
throughfall measurements.

Estimates of atmospheric input rates were based on the mean flux values from the three replicates at each
site for each type of measurement (bulk or throughfall), and summed over the four time periods of the grow-
ing season. Daily rates were obtained by dividing the summed growing season rate by the total number of
days in the field, with annual values obtained by multiplying the daily value by 365 days. For throughfall,
we additionally calculated annual fluxes based only on the final three time periods, following the proce-
dure above, but excluding the first time period, which occurred during late spring (T1: 12-13 May -22
June 2015). This additional calculation was made to compare extrapolation to the entire year from all four
time periods versus the last three time periods only, since the late spring sampling period (T1) was ele-
vated compared to the other three sampling periods and represents a seasonal peak (more detail provided
below).

2.3. Soil Solution Total N, Organic C and Total P

Soil solution total N, organic C, and total P were measured at the five sites with available soil (sites 2, 3,4, and
5, and underneath the throughfall collectors only at site 1). Two porous nylon bags (“resin bags”; n =6 per
each bulk or throughfall site; n =54 total per measurement period) filled with 10 g of ion exchange resin
were buried within 25 cm of each ion exchange resin collector at a depth of 10-15 cm beneath the soil
surface to measure mobile total N, organic C, and total P in soil solution. The amount of total N, organic C,
and total P accumulated in resin bags provides a proxy for soil total N, organic C, and total P that may be
potentially lost in leachate and is referred to throughout the paper as “soil solution.” Bags were replaced
once after installation for a total of two measurement periods spanning the entire length of the study from
12 May to 24 October 2015. Upon collection from the field, ion exchange resin from each resin bag was
extracted and analyzed in the same manner as ion exchange resin in atmospheric collectors. Concentrations
of total N, organic C, and total P in extract solution were converted to daily rates of total N, organic C, and
total P per gram resin by multiplying the solution concentration by the total volume of KCl used to extract
samples (150 mL) and dividing by the amount of resin in each resin bag (10 g). Values for soil solution total
N, organic C, and total P were averaged across the six replicates at each site, summed over the season, and
divided by days in the field (unique to each site, Table S1 in Supporting Information S1) to provide a daily
rate per site. For samples where the total N or P were found to be less than inorganic N or P (12 out of 162
samples, average negative difference = 6.8%), we set organic N or P to zero, resulting in total N or P being
equivalent to inorganic N or P.

2.4. Statistical Analyses

All statistical analyses were conducted in RStudio (The R Project for Statistical Computing, version 1.0.136).
All error values reported are given in standard error (SE). Shapiro—Wilk tests and quantile—quantile plots
were used to test for normal distribution of data and equal variance. Linear mixed effects model ANOVAs
were used to examine time period differences in NH,*, NO,~, organic N, organic C, and inorganic and
organic P in atmospheric inputs and in soil solution with time as the fixed effect and site as the random
effect. A Tukey’s Honestly Significant Difference post hoc test was conducted after the mixed effects model
to determine which fluxes were statistically significantly different from one another across time periods.
For normally distributed data, a Welch'’s t-test was conducted to test the difference between growing sea-
son throughfall and bulk inputs and the difference in soil solution beneath bulk and throughfall collectors
for all analytes. For non-normally distributed data, a Wilcoxon rank sum test was conducted to test the
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difference between annualized throughfall and bulk inputs and the difference in soil solution beneath bulk
and throughfall collectors. Statistical significance was determined at a < 0.05. As there were four different
tree genera across each of the five throughfall sites, the sample size for each genus was too small to note
species effects on throughfall; however, Decina et al. (2017) found no tree species effect on rates of through-
fall for sites around the greater Boston area. Finally, to remove outliers, 9 out of 1165 values for atmospheric
inputs and soil solution greater than four standard deviations from the mean for that sample period were
replaced with average values for the site at which they were measured.

3. Results and Discussion

3.1. Atmospheric Bulk and Throughfall Inputs

Our results demonstrate that atmospheric deposition is an important source of organic N, organic C, and
total P to urban ecosystems during the growing season. Supporting our first hypothesis, organic N makes up
38.4 + 1.9% of total (inorganic + organic) bulk N inputs across study sites (calculated as the mean of organic
N:total N ratios from individual sites; individual site data provided in the Table S1 in Supporting Informa-
tion S1); taking into account inputs of organic N increases estimates of bulk inputs of total N by 61.5 + 1.9%
across study sites (Table S1 in Supporting Information S1). This substantive fraction of organic N as a per-
centage of total N agrees with mean literature values of 35% across 58 studies in mainly rural sites in North
America (Cornell, 2011), but is considerably larger than percentages in the few U.S. cities in which it has been
reported (range: 7%-17.2%; Nadim et al., 2001, Zamora et al., 2011). Additionally, bulk inputs of inorganic
N (5.23 + 1.39kg N ha~" a~'; Table 2) are similar to values of bulk inputs in New York City (5.53 kg N ha="a™";
Lovett et al., 2000) and near Baltimore, MD (roughly 6.5 kg N ha~" a~'; Bettez & Groffman, 2013). Corrobo-
rating our second hypothesis, the annualized rate of organic C inputs in bulk deposition (18.32 +2.98 kg C
ha=' a~'; Table 2) is comparable to values reported in seven studies in mainly rural sites in North America
(21 +£19kg C ha™" a™'; lavorivska et al., 2016) and is in the middle of the range of values from four studies
measuring organic C deposition in U.S. cities (range: 8—-42 kg C ha™' a~'; Likens & Galloway, 1983; Velin-
sky et al., 1986; Willey et al., 2000; Lohse et al., 2008). Contrary to our third hypothesis, the annualized rate
of bulk atmospheric inputs of total P (0.77 +0.26 kg P ha=' a™', 86% inorganic P, 14% organic P; Table 2)
is higher than mean bulk input rates of total P reported across 38 studies from mostly rural sites in North
America (0.42kg +0.39 P ha™' a~'; Tipping et al., 2014) and higher than total P measured in precipitation
in the few U.S. cities in which it has been reported (range: 0.05-0.56 kg P ha™" a~'; Eisenreich et al., 1977;
Koelliker et al., 2004).

Similar to bulk deposition, we found that organic N makes up 35.3 +2.9% of total throughfall N inputs
across study sites (Table S1 in Supporting Information S1); taking into account organic N increases esti-
mates of total N inputs by 64.7 + 2.9% across study sites (Table S1 in Supporting Information S1), a result
similar to two urban studies in Brazil and Spain (de Souza et al., 2015; Izquieta-Rojano et al., 2016). We did
not find any studies conducted in U.S. cities that measured organic N in throughfall to which we could
compare our results. Throughfall inputs of inorganic N (Table 2; 14.90 + 2.40 and 9.96 + 3.70 kg N ha™" a™',
including and excluding T1, respectively) are similar to values of throughfall inputs measured in three pre-
vious Boston-area studies (14.9, 14.8 +3.48, and 8.70 + 0.68 kg N ha~" a~'; Templer & McCann, 2010; Rao
etal., 2014; Decina et al., 2017). Our annualized rates of throughfall organic C (Table 2; 94.46 + 10.39 and
63.31+15.43kg C ha~' a7', including and excluding T1, respectively) are in the middle of the range of
values found across numerous rural studies (range: 29-161kg C ha=! a~': Michalzik et al., 2001; Schmidt
et al,, 2010; Pitman et al., 2010; Fujii et al., 2011; Arisci et al., 2012), but to our knowledge, no study reports
organic C in throughfall in cities around the world. Annualized rates of throughfall total P (5.21 +0.79 and
2.60+0.67 kg P ha™" a™', including and excluding T1, respectively, 93-94% inorganic P; Table 2) are ele-
vated compared to throughfall rates found in nonurban studies (range 0.34-2.7 kg P ha™" a~': Kopa¢ek
etal., 2011; Parron et al,, 2011; Coble & Hart, 2013; Runyan et al., 2013; Lequy et al., 2014; Du et al., 2016;
Salehi et al., 2016), but as with organic C, we did not find any past urban studies measuring P in through-
fall worldwide. Taken as a whole, these results suggest that atmospheric deposition can be an important
nonpoint source of organic N, organic C, and total P during the growing season in urban areas.

Additionally, we find that our measured rates of bulk and throughfall inputs of inorganic P are higher than
inorganic P in sewage effluent for the same period as our study. Details of the following calculations are
provided in the Supporting Information S1, but we explain them here briefly. Using our measured input

DECINAET AL.

139



@ AG U Earth’s Future 10.1002/2017EF000653

Table 2.
Rates of bulk and throughfall N, P, and C inputs and N, P, and C in soil solution beneath bulk and throughfall collectors
measured throughout the 2015 growing season

Growing season Annualized inputs Soil solution
inputs (kg ha=") (kgha='a™") (ug gresin~! d=1)

Throughfall Throughfall
Bulk Throughfall Bulk including T1 excluding T1 Bulk Throughfall

NH,*-N 1.80+0.62 5.29+1.04 4.01+1.39 11.77 £2.29 711+337 0.58+0.18 0.62+0.14
NO5;~-N 0.55+0.01 1.40+0.49 1.22 +0.02 3.13+1.08 285+0.81 098+0.12 1.45+0.52
InorganicN  2.35+0.62 6.69+1.10 5.23+1.39 14.90 + 2.40 9.96+3.70 1.56+0.27 2.07+0.42
OrganicN  1.64+0.50 3.59+0.51 3.65+1.12 7.99+1.13 472+1.71 049+0.11 0.32+0.10
Total N 399+1.11 10.28+1.48 8.88 +£2.49 RASOEERYIS 1468 +531 205+037 239+0.36

InorganicP  0.30+0.11  2.17+0.36 0.66 +0.24 4.83+0.80 245+0.65 0.03+0.01 0.03+0.01
Organic P 0.05+0.01 0.17+0.03 0.11+£0.02 0.38 +£0.06 0.14+0.03 0.07+0.05 0.05+0.02

Total P 035+0.11 2.34+0.36 0.77 +£0.26 5.21+0.79 260+0.67 0.10+0.06 0.07+0.03

OrganicC  822+1.33 4241+472 1832+298 9446+1039 6331+1543 524+1.38 5.29+0.93

Values are means with standard error. Input values are presented as cumulative inputs measured across the growing
season and yearly inputs, which extrapolate growing season rates across the entire year. Soil solution values are pre-
sented in mean daily values measured across the growing season. Inorganic N is the sum of NH,™-N and NO;~-N,
total N is the sum of inorganic N and organic N, and total P is the sum of inorganic P and organic P.

rates and a land area for the City of Boston of 125 km? with 25.5% canopy cover (data from 2006 to 2007,
Raciti et al., 2014), we calculate that the growing season flux of inorganic P from bulk + throughfall inputs
to the City of Boston is 10,719 kg P over the 166 days of the study period (9711 kg inorganic P and 1008 kg
organic P). This value for inorganic P represents 123% of the inorganic P input to Boston Harbor (7895 kg
P) derived from sewage effluent during our study period (http://www.mwra.com/02org/html/whatis.htm;
Maguire & Fulweiler, 2017). Sewage effluent is responsible for the majority of P inputs to surface waters in
the continental U.S. (Mainstone & Parr, 2002; Maupin & Ivahnenko, 2011), and inorganic P has been shown
to compose between 85% and 95% of total P in sewage effluent in nearby Narragansett Bay, Rhode Island
(Nixon et al., 1995; Nixon et al., 2008). By comparing our bulk and throughfall inputs of P to this known,
important source of P, we demonstrate that bulk deposition and throughfall are also important sources of
P to nearby aquatic ecosystems.

3.2. Canopy Influence on Inputs to Urban Ecosystems

Substantiating our fourth hypothesis, comparing bulk and throughfall inputs indicates that the urban tree
canopy enhances growing season nutrient inputs to urban ecosystems. Rates of throughfall inputs were sta-
tistically significantly greater than bulk inputs for all analytes (growing season values, p < 0.05), likely due
to a combination of the capture of dry deposition on canopy surfaces (Lovett & Lindberg, 1993), numerous
canopy processes (Reiners & Olson, 1984; Ferm, 1993; Garten et al., 1998), and production of biological mat-
ter (Kopacek et al., 2011; Osono et al., 2006; Pedersen & Bille-Hansen, 1995). In urban areas with extensive
canopy cover, elevated throughfall inputs may thus represent a substantial, concentrated input of nutrients
to the ground surface in these ecosystems. In the case of N, these rates of throughfall inputs (22.89 + 3.25
and 14.68 + 5.31 kg N ha™" a7', including and excluding T1, respectively; Table 2) are well above the critical
load threshold of 3 kg N ha=" a~' in eastern temperate and northern forests of the Northeastern U.S. (Pardo
etal, 2011). Considering these rates and Boston’s 25.5% canopy cover (Raciti et al., 2014), inputs through
the tree canopy roughly double the amount of total N and triple the amount of total P inputs to the 125 km?
area of the City of Boston over the study period as compared to bulk inputs alone. Though we do not have
direct canopy density or canopy cover measurements for each of our study sites, the City of Boston’s canopy
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cover is similar to mean canopy cover in urban areas across the U.S. (27.1%; Nowak & Crane, 2002). With sig-
nificant urban tree cover and efforts in many cities to enhance canopy cover for a variety of management
goals, including mitigation of the urban heat island effect, C capture, improved water quality, and beautifi-
cation (Young, 2011), our results show that it is important for cities to take into account how tree canopies
magnify inputs to ground surfaces and potentially nearby waterways.

Past studies have shown that urban soils have the capacity to process a significant portion of nutrient inputs
(Groffman et al., 2004; McPhillips et al., 2016; Wollheim et al., 2005), thus decreasing export of nutrients into
nearby waterways via internal cycling and uptake, as well as gas loss to the atmosphere. However, unlike
in forests, tree canopy in urban areas is often located above pavement, rather than soils. By overlaying a
high-resolution impervious surface area data layer (1-m resolution; Massachusetts Office of Geographic
Information (MassGlIS), 2009) with a tree canopy data layer (~1-m resolution; Raciti et al., 2014) for the City of
Boston and summing areas where impervious surface and tree canopy intersect, we calculated that 26.1%
of the tree canopy in Boston is located above impervious surfaces. Considering our mass flux calculation
of growing season throughfall inputs described above, approximately 1805 kg of inorganic P in through-
fall was deposited directly onto impervious surfaces underneath tree canopy in the City of Boston over the
166 days of our study, an amount equivalent to 23% of inorganic P in sewage effluent (details of this calcu-
lation are provided in the Supporting Information S1). Impervious surfaces increase the amount of runoff
(Arnold & Gibbons, 1996); thus inputs above impervious surfaces are more susceptible to flowing directly
into waterways without being processed in soils, representing a substantial input of nutrients, particularly
of P, to urban waterways (Hobbie et al., 2017). The urban tree canopy therefore not only amplifies rates of
atmospheric inputs, but because a significant proportion of it is located above paved ground, may also
represent a large flux of nutrients to urban waterways through runoff if nutrients are not retained in other
permeable surfaces.

We present a conceptual diagram (Figure 2) of the potential fates of elements deposited beneath the urban
tree canopy located above permeable and impervious surfaces. When inputs of elements are deposited
through a tree canopy onto permeable surfaces, runoff likely decreases and the residence time of the
element increases, providing the opportunity for an element to be recycled, taken up by vegetation or
microbes, and retained within the ecosystem (Wollheim et al., 2005). Additionally, these inputs are able
to remain in the soil long enough to be lost in gaseous form, and a smaller fraction is lost via leaching to
waterways (McPhillips et al., 2016). Conversely, inputs deposited from a tree onto an impervious surface
like pavement may be quickly lost to runoff, providing little opportunity or time for internal cycling or
gaseous loss (Wollheim et al., 2005). While vegetation provides numerous ecological (Bowler et al., 2010;
Nowak et al., 2013) and social (Alcock et al., 2014; Branas et al., 2011) benefits in urban areas (though see
Vos et al,, 2013 and Lahr et al., 2015 for a different perspective), our results highlight the complex tradeoffs
of planting urban trees (Bodnaruk et al., 2017) and suggest that trees should be planted above soils, rather
than pavement in order to take advantage of the potential nutrient retention capabilities of urban soils
(Groffman et al., 2004; Wollheim et al., 2005) and to minimize the loading of nutrients to waterways that
come from throughfall.

3.3. Elevated Throughfall Inputs in Late Spring

Throughfall inputs during the late spring sampling period (T1: 12-13 May —-22 June 2015) were two to
eight times greater than throughfall during the rest of the growing season, depending on the analyte (all
butNO,~; Figure 1), a result sustained even after correcting for precipitation differences across the four time
periods. The pattern of higher late spring throughfall inputs has been found in other urban studies (Ayars
& Gao, 2007; Varenik et al., 2015; Izquieta-Rojano et al., 2016; Decina et al., 2017), and is possibly due to a
combination of factors that may be elevated in the late spring, such as pollen deposits, microbial activ-
ity, deposition of aphid honeydew and insect frass, as well as fertilizer that has aerosolized or volatilized
and deposited onto canopy surfaces (Bettez & Groffman, 2013; Kopacek et al., 2011; le Mellec et al., 2011;
Stadler & Michalzik, 1998; Templer et al., 2015a, 2015b). This spring pulse of inputs is likely to come from the
aforementioned sources rather than foliar leaching itself, as it has been shown that mature leaves (those
present later in the growing season) are more susceptible to nutrient loss than are young leaves (Hutchin-
son & Havas, 1980; Potter, 1991). However, as many tree canopies in rural areas are net sinks for (or take up)
nutrients (Piirainen et al., 1998; Zimmermann et al., 2006), the precise processes controlling elevated spring
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Figure 1. Daily rates of bulk and throughfall (TF) inputs of (a) nitrate, (b) ammonium, (c) organic nitrogen, (d) organic carbon, (e)
inorganic phosphorus, and (f) organic phosphorus over the four time periods of the study. Boxes represent interquartile range (IQR) of
the data, black line within boxes represents median values for each group, whiskers represent IQR x 1.5, open circles represent individual
values that lie without the IQR X 1.5. Distinct letters represent statistically significant differences among rates of bulk deposition
(lowercase letters) across the four time periods, and among TF inputs (uppercase letters) across the four time periods with associated p
values in the upper right corner of each plot (linear mixed effects model analysis of variance, Tukey’s Honestly Significant Difference
posthoc test).

inputs in urban areas is unknown and requires further study. Regardless of source, however, this late spring
pulse of nutrients represents a large flux of N, C, and P to the urban ground surface.

Considering that the late spring pulse may not be representative of the entire growing season, we calculated
annual rates of deposition both with and without this sampling period; excluding the late spring throughfall
value reduces annualized rates of throughfall inputs from 33% to 63% for each analyte with the exception of
NO,~, which onlyis reduced about 9% by excluding the late spring period (Table 2). Excluding the late spring
sampling period, throughfall remained greater than bulk inputs for all analytes, but was significantly higher
during the T1 sampling for inorganic P and organic C only (p = .04 for organic C and p =.02 for inorganic P).

4. Conclusions

While a number of studies have reported large enhancements in inorganic N deposition in urban areas
compared to nearby rural areas (Fang et al.,, 2011; Lovett et al., 2000; Rao et al., 2014; Templer & McCann,
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Figure 2. Conceptual diagram hypothesizing the relationship between atmospheric inputs, urban tree canopy, impervious surface area,
and nutrient fluxes to waterways and the atmosphere. (a) Image of Boston with red box around the area whose aerial image is shown in
panels (b), (c), and (d). (b) Aerial image of a section of the neighborhood containing sites 1, 2, 8, and 9. (c) The same aerial image from
panel (b) with all canopy cover colored dark green. (d) The same aerial image from panel (c) with canopy cover above soil colored dark
green and above impervious surface colored light green. (e) The potential fate of atmospheric inputs above soil. (f) The potential fate of
atmospheric inputs above pavement. Arrows represent the following fluxes: (1) bulk deposition, (2) throughfall inputs, (3) nutrient
cycling in soils, (4) uptake by vegetation, (5) gaseous losses to the atmosphere, and (6) losses to waterways through runoff. Inputs
received over impervious surface have a higher potential to runoff directly into nearby waterways, while a portion of inputs received
over soils are cycled within soil and vegetation and/or lost as gas, with a much smaller fraction likely lost to nearby waterways.

2010), there are no studies to our knowledge that simultaneously measure atmospheric bulk and through-
fall inputs of organic and inorganic N, organic C, and organic and inorganic P. This study demonstrates that
organic N makes up a substantial component of urban atmospheric N inputs, that atmospheric inputs of
organic C are on par with inputs in rural areas, and that rates of urban inorganic P inputs are higher than
rates in rural areas. Further, the input of inorganic P in bulk deposition and throughfall is 1.2 times higher
than that in sewage effluent, a major source of P, for the City of Boston over the study period. We also find
that throughfall inputs of total N, organic C, and total P are higher than bulk inputs, suggesting that the tree
canopy amplifies inputs to urban ground surfaces and, as urban tree canopy is often located above imper-
vious surfaces, potentially to waterways through runoff. Together, these findings suggest that atmospheric
inputs in cities contribute substantially to urban biogeochemical budgets and that cities should consider
planting trees above surfaces where precipitation can infiltrate soils to minimize loading of nutrient inputs
to waterways.

As the urban population continues to grow both around the world (United Nations, Department of Eco-
nomic and Social Affairs, Population Division, 2015) and in the U.S. (U.S. Environmental Protection Agency,
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2014), finding effective ways of monitoring and mitigating anthropogenic pollution and providing ecosys-
tem services in cities is essential. Our results indicate that long-term monitoring of inorganic and organic
inputs of N, C, and P to urban systems is crucial for providing clean air and clean water for urban residents. As
most of the world’s population resides in urban areas, municipal policies that address and accurately man-
age pollutant inputs have an ever-increasing ability to improve the health and well-being of the majority
of the world’s citizens. Finally, as cities pursue greening efforts in a push to make their environments more
livable, we suggest that they consider the suite of trade-offs associated with planting urban trees in order
to pursue these efforts in ways that maximize the services provided by urban vegetation.
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