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Abstract

Urban litterfall that is deposited on impervious surface leaches nutrients into stormwater, contributing to downstream
eutrophication. Previous studies have focused on the leaching potential of deciduous leaf litter, while other smaller-volume
litterfall types—such as blossoms and fruit—may leach significant amounts of nitrogen, phosphorus, and carbon. These
additional litterfall types represent an unaccounted-for source of nutrients to urban stormwater. We explored variation in
leaching potential of dissolved nutrients and organic carbon across litter types and species by collecting litterfall (blossoms,
fruit, leaves) from ten common urban tree species. After 24 h of leaching, we measured total phosphorus (TP), total dissolved
nitrogen (TDN), and dissolved organic carbon (DOC) contributions and compared differences across litter types and species.
Litter basket estimates then allowed us to quantify annual litterfall inputs. We found that blossoms leached 3—-20 times more
TDN and 1.5-7 times more TP than leaves of the same species. Furthermore, considering litterfall mass, several species
had greater springtime nutrient-leaching potential compared to fall due to high leaching potential in blossoms and lower
potential in leaves. We found mixed effects of leaf crushing and leachate solution (stormwater, salinity) on leaching rates.
This study highlights the need to consider all litterfall types as well as variation in urban forest communities and conditions

when seeking to budget, control, and maintain for potential nutrient sources from the urban forest.
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Introduction

Urban streams often contain high levels of nitrogen (N) and
phosphorus (P) from point and nonpoint sources (Walsh
et al. 2005). Excess of these nutrients leads to eutrophica-
tion of downstream water bodies, with negative implications
for ecosystem structure and function. While point sources of
nutrients are relatively easy to identify (Howarth et al. 2000),
urban nonpoint sources encompass a tremendous variety of
fluxes, and quantifying contributions of each can be diffi-
cult (Groffman et al. 2004; Metson et al. 2015; Hobbie et al.
2017). Accurately identifying and quantifying these non-point
sources of nutrient pollution is critical for effective manage-
ment of urban forests to reduce potential fluxes.

An important non-point nutrient source to urban waters is
the urban forest (Hobbie et al. 2014; Duan et al. 2014). Large
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amounts of litterfall collect in engineered headwaters and
along impervious surfaces (Fork et al. 2018), which can then
leach nutrients and organic carbon into stormwater (Wallace
et al. 2008; Hobbie et al. 2014; Duan et al. 2014; Selbig
2016). In some areas, autumn litterfall can contribute up to
50% of stormwater phosphorus loads annually (Selbig 2016),
and in Minneapolis, MN variation in stormwater phosphorus
concentrations were strongly correlated with percent urban
tree canopy cover (Janke et al. 2017). While autumn leaf drop
is the most obvious canopy litter flux and the main target of
maintenance efforts (Baker 2014; Templer et al. 2015), other
canopy litter, such as blossoms and fruit, also contribute to
nonpoint source nutrient pollution (Benfield 1997; Pozo
et al. 1997; Selbig 2016). Spring blossom and pollen pro-
duction could explain spring pulses in stormwater nitrogen
concentrations that equal those observed in autumn during
leaf fall (Selbig 2016). Unfortunately, there is a notable lack
of research on non-leaf litterfall nutrient inputs, even in the
non-urban literature (Abelho and Graca 1996; Benfield 1997;
Singh et al. 1999). Furthermore, in temperate regions, spring-
time litterfall occurs early in the growing season, during
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times of likely rainfall and runoff. Nutrient inputs during
these times may therefore have greater impacts than those
in the fall on nutrient runoff and downstream eutrophication
(Essaid et al. 2021).

Moreover, our ability to predict nutrient loads from the
urban canopy is complicated by significant variation in com-
munity composition across species (Morgenroth et al. 2016).
Tissue nutrient content (Cobley and Pataki 2019) and the
potential for litter to leach nutrients varies among species
(Hobbie et al. 2014; Duan et al. 2014). Therefore, in addi-
tion to canopy cover and litter composition, the community
composition of the urban forest should influence urban can-
opy nutrient fluxes (Wallace et al. 2008). Quantifying nutri-
ent fluxes from the diverse urban forest therefore requires
accounting for interspecific differences in nutrient leaching
rates.

Finally, our ability to make accurate inferences about
nutrient leaching from the urban canopy is limited by how
well lab methods replicate urban conditions. Leaching is
typically assessed by soaking intact leaves leached in deion-
ized water (Dorney 1986; Wallace et al. 2008; Hobbie et al.
2014). In the urban environment, litter leaches into storm-
water, which is a complex and varying chemical mixture
(Pitt and Maestre 2005; Kaushal et al. 2018). Predicting
stormwater litter leaching based on lab conditions is further
complicated by both antagonistic and synergistic effects of
the varying components of stormwater. For example, high
nutrient concentrations could increase litter decomposition
(Kominoski et al. 2015), while elevated salt concentrations
could decrease decomposition (Cochero et al. 2017; da Silva
et al. 2021; Martinez et al. 2020). Urban litterfall is also
subject to physical crushing by frequent pedestrian and vehi-
cle traffic which could increase nutrient leaching (Cowen
and Lee 1973; Wang et al. 2020). Quantifying the impact of
leaching solutions and physical crushing is an important step
in assessing the accuracy of canopy nutrient flux estimates
and potential sources of bias.

While the role of leaves as an urban nutrient source is
clear, we cannot fully understand nutrient inputs from the
entire urban canopy without considering differences in litter
types (leaching rates, mass, and phenology), species varia-
tion, and limitations of lab methods as approximations of
real-world conditions. Closer analysis of these three factors
will contribute to further understanding of nutrient inputs
from the urban forest. Therefore, we asked:

Q1) How do rates of nitrogen, phosphorus and organic
carbon leaching vary across litter type (e.g., leaves,
blossoms, and fruit) and species?

Q2) How does total potential nutrient leaching
(accounting for leaching rate and litterfall volume
among individual trees) vary among litter types and
species?
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Q3) How do common urban physical, biological, and
chemical conditions, represented in the lab through
manually crushing leaves and leaching in different
solutions, affect leaf leaching rates?

Focusing on ten common urban tree species, we com-
bined laboratory leaching experiments of leaves, blossoms,
and fruit with a field study of litterfall rates (Table 2). We
then quantified the roles of litterfall type, interspecific vari-
ation, and common lab methods on the estimated magnitude
and timing of dissolved organic carbon, nitrogen, and phos-
phorus leaching from the urban forest.

Methods
Site description

We conducted this study in Pocatello, Idaho, USA. Pocatello
is a small city covering 83.5 km* with a population of 55,162
(US Census Bureau 2018). The city was established in 1889
during railroad development, and current city boundaries rep-
resent smaller townships now grown together. While variable
across the city, average impervious cover is 42% and average
tree canopy cover is 12% (Idaho Department of Lands 2018).
Community composition varies across the city and appears to
be driven by several factors, with newer developments in the
northeast of the city primarily containing Littleleaf Lindens
(Tilia cordata) while older developments to the south are domi-
nated by natives such as Utah Juniper (Juniperus osteosperma)
and Box Elder (Acer negundo).

Pocatello is located within a larger sagebrush steppe eco-
system and has a semi-arid climate characterized by rela-
tively wet, cold winters (DJF average temperature -4.2 °C,
average monthly precipitation 2.8 cm), hot dry summers
(JJA average temperature 20.8 °C, average monthly pre-
cipitation 1.6 cm), and total annual precipitation averaging
30.8 cm (NCDC 30-year avg). Pocatello is in the Portneuf
River valley, between the Bannock and Portneuf Ranges,
with the Portneuf River running directly through the city.
The river empties into American Falls Reservoir, less than
2 miles downstream of the city, where its waters combine
with the Snake River; all within the Columbia River Basin.

Surrounded by agricultural lands, Pocatello’s stormflow and
upstream agricultural runoff create water quality issues for the
Portneuf River (Bechtold et al. 2012). The Portneuf River is
regulated for total maximum daily loads (TMDLs) for both N
and P (Ray 2010).

Tree selection and litterfall collection

To assess how leaching rates vary among species and litterfall
type (Q1), we sampled blossoms, fruit, and leaves from ten
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tree species (Table 1) across Pocatello. Species were selected
to represent the most common species as well as those that
were likely to have distinct nutrient leaching patterns (e.g.,
N-fixers). Norway Maple (Acer platinoides), Littleleaf Linden
(Tilia cordata), and Siberian Elm (Ulmus pumila) were the
three most common street and residential trees surveyed in
2019. Green Ash (Fraxinus pennsylvanica) was commonly
planted in developments from the 1960’s. Green Ash is of
special interest given the looming threat of tree mortality
presented by the Emerald Ash Borer, an invasive insect that
has devastated urban forests in the Midwest and Eastern US
(Herms and McCullough 2014) but is not yet present in Idaho.
Callery Pear (Pyrus calleryana) is a cold-hardy urban tree
frequently planted in commercial areas, which also produces
large quantities of blossoms and fruit. Russian Olive (Elae-
agnus angustifolia), an abundant invasive in some neighbor-
hoods, and Honeylocust (Gleditsia triacanthos) have associa-
tions with N-fixing bacteria and were expected to have higher
tissue N concentrations (MacKenzie et al. 2013). Common
small ornamental trees with prolific blossoms include two cra-
bapple varieties. Malus prunifolia produces pink blossoms
and larger fruit (1 cm dia.) and Malus x ‘spring snow’ is a
fruitless variety producing white blossoms. Purpleleaf Plum
(Prunus cerasifera) is the only species in this study with non-
green leaves throughout the year.

Five individual trees from each of the ten species were
selected for litterfall collection (n=50 trees total; Table 2).
We selected trees spatially distributed across the city
(Fig. S1) to account for potential variation in growth due
to slope, elevation, aspect, and homeowner fertilization and
irrigation practices. While we did not sample enough trees
to quantify the effects of these factors, the sampling was

designed to capture the range of variability in tissue nutrient
content and leaching rates.

Throughout the growing season (May—November) of
2019, samples of litterfall (i.e., blossoms, leaves, bracts, and
fruit) from each of these trees (n=>50, 5 individuals from 10
species) were collected. Samples for analysis were shaken
directly from the tree and stored in brown paper bags until
air dried to constant weight. An early hard frost (October
9, 2019) caused Green Ash to drop leaves early, which has
been shown to impact nutrient resorption in other species
(Lawrence and Melgar 2018).

Five replicates of fresh grass clippings—another common
coarse organic source for nutrient leaching found in gutters
within our study area—were also collected directly from
pavement concurrent with lawn mowing at five locations
across the city. Samples were processed using tree litterfall
methods and provide a qualitative comparison between blos-
som, fruit, and leaf leaching rates to turf grass. Lab analyses
are detailed below and summarized in Table 2.

Plant tissue content

To understand how variation in tissue content influences
potential nutrients available for leaching (Q1), samples of
air-dried litterfall were analyzed for percent C, N, and P
tissue content (Table 2). Total nitrogen and carbon were
obtained using methods based on McGeehan and Naylor
(1988) using a Vario EL Cube system (Elementar, Lan-
genselbold; Germany) at the Environmental Analytical
Laboratory at Brigham Young University; Provo; UT. Per-
cent phosphorus was determined using EPA method 3052;
a Nitric-Hydrogen Peroxide Microwave Digestion on an

Table 1 Summary of ten common urban tree species their litterfall assessed. None of these species are native to the study region

Species Common Name Litterfall Collected Unique Properties
and Abbreviation
Malus prunifolia Plumleaf Crabapple (CAP) Blossoms, fruit, and leaves Pink blossom pigment
Malus x ‘Spring snow’ Crabapple = Blossoms and leaves, White blossom pigment, fruitless
‘spring snow’ (CAW) non-fruiting variety
Pyrus calleryana Callery Pear (CP) Blossoms, fruit, and leaves Cold-hardy and drought tolerant, common in

Fraxinus pennsylvanica Green Ash (GA)

Gleditsia triacanthos Honeylocust (HL)

Prunus cerasifera Purpleleaf Plum (PP)

Tilia cordata Littleleaf Linden (LL)

Acer platinoides Norway Maple (NM)
Russian Olive (RO)

Siberian Elm (SE)

Elaeagnus angustifolia

Ulmus pumila

Fruit and leaves, small blossoms (<3 mm)
not leached or collected

Blossoms and leaves,
non-fruiting variety
Blossoms and leaves,
non-fruiting variety

Bracts and leaves, blossom mass was
measured but not leached

Blossoms, fruit, and leaves
Blossoms, fruit, and leaves

Fruit and leaves, small blossoms (<3 mm)
not leached or collected

commercial lots

Very common and threatened by invasive
insects

N-fixer, fruitless

Non-green leaves
year-round, fruitless

Bracts, second most
common tree in city

Most common tree in city
N-fixer, invasive

Spring fruit,

very common volunteer species
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Table 2 Summary of the methods and analyses used throughout this study

Research  Analysis Brief Methods Number of Samples

Question

1 Litterfall Tissue Content Dried litter sample ground and analyzed for %  ~3 litter types per 5 trees, per 10 species
C,N, and P (n~150)

1 Nutrient Leaching Potential Dried litter leached for 24 h in deionized water ~ ~3 litter types per 5 trees, per 10 species

(n~150)

2 Total Nutrient Flux Litter baskets to estimate litter mass, multiplied ~3 litter types per 3-5 trees per 10 species.
by tissue % C, N, or P (n~120)

2 Total Nutrient Leaching Potential ~Litter baskets to estimate litter mass flux, ~3 litter types per 3-5 trees per 10 species.
multiplied by average leaching rate (n~120)

3 Stormwater Dried litter leached for 24 h in collected Only Norway maple leaves, 1 per tree, (n=15)
stormwater

3 Crushing Dried litter manually crushed and then leached  Only leaves, 1 per tree, 6 species (n=29)
for 24 h in deionized water

3 Salt Dried litter leached in 0, 1.5, 3, or 6 mg CI/L Only Norway Maple leaves from a single tree,

salt solution and sampled periodically over
128 h, solution replaced after each sampling

3 replicates per salt concentration (n=12X5
timestamps)

Ethos EZ system (Milestone, Shelton, CT; USA), followed
by ICP-OES Analysis using the iCAP 7400 system (Thermo
Electron, Madison, WI; USA), also at BYU. All tissue meas-
urements are reported as a percent of dry mass.

Leaching methods

To understand how leaching rates vary across litter types
among the different species (Q1), intact, air-dried samples
(5 replicates per species) were placed in 1-L high density
polyethylene (HDPE) bottles at a ratio of 1 g of litterfall
to 100 mL of deionized water, generally equating to 5 g
of dried sample to 500 mL water (Table 2). Dried samples
selected for leaching were fully intact with no visible signs
of decomposition. After inundation, samples were over-
turned ten times before resting for 24 h at room temperature
(22 °C). After 24 h, samples were again overturned ten times
and unfiltered leachate was removed for total phosphorus
(TP) analysis. Remaining leachate sample was then filtered
through ashed Whatman A pre-filters to eliminate large par-
ticulates, followed by ashed Whatman GF/F (0.7-um pore)
filters. Filtered and unfiltered samples were kept frozen at
-18 °C until analysis at the Environmental Analysis Lab in
Brigham Young University; Provo, Utah.

Samples for total dissolved nitrogen (TDN) and dissolved
organic carbon (DOC) were analyzed on a Shimadzu TOC/
TN analyzer at the Environmental Analysis Lab at Brigham
Young University (detection limit=0.07 mg N L~! TDN
and 0.2 mg C L™ DOC). TP was analyzed using a Thermo
Scientific iCAP 7400 system (Madison, WI; USA).

All leaching rates (mg N or P or DOC g~! dry mass day™")
were calculated by multiplying reported leachate concentra-
tions (mg N or P or DOC LY by the concentration of litter

@ Springer

(mL deionized water g~! sample) taken over 24 h of leaching
time. While exact litter amounts varied, concentrations were
held at a ratio of 1 g of litterfall to 100 mL deionized water.

Litter baskets

To explore how timing and magnitude of litter drop var-
ies across species and thus the litterfall available for leach-
ing (Q2), we measured the quantity of dropped litterfall
using litter baskets deployed beneath urban trees from
May—November 2020 (Table 2). Due to the COVID-19 pan-
demic, tree selection differed from those targeted for leach-
ing (Fig. S1), and access was limited, but a minimum of two
and maximum of five baskets were deployed per species.
At each tree, a single basket (measuring 39 X 55 cm; 0.21
m?) was placed beneath the tree canopy, generally near the
trunk for accessibility. Baskets were fitted with a fine mesh
which was collected weekly and remained deployed from
first until final litter drop. Baskets were periodically removed
between litterfall pulses (e.g., between spring blossoms and
fall leaves) for security and logistics. Samples were air-dried
and weighed to provide an approximate mass of litterfall
deposited per m? of litter basket which serves as a proxy for
tree canopy.

Litter baskets did not capture Green Ash blossoms. Green
Ash are dioecious, and litter baskets for seed/leaf collection
were deployed only under female trees to capture abun-
dant fruit. Furthermore, Ash Flower Gall (Wawrzynski and
Ascerno 1989) is a common condition in our area which
leads to woody scales surrounding male blossoms and causes
blossoms to be retained for multiple years. Due to the small
size of ash blossoms (<3 mm) and an inability to predict
this condition ahead of litterbasket deployment, Green Ash
blossoms were not captured in our study.
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We were also unable to capture Siberian Elm blossoms,
which are less than 3 mm across and do not have petals.
Siberian Elms produce abundant papery fruit each spring
that are wind dispersed long distances from the mother tree.
Given the tall vase-like structure of a mature Siberian Elm
and Idaho’s strong springtime winds, our initial litter basket
assessment (spring 2020) greatly underestimated the mass of
Siberian Elm fruit as they were often carried and deposited
well-beyond our baskets into nearby streets and neighboring
parcels. An additional assessment was conducted in spring
2021 targeting shorter and unpruned elm trees which pro-
vided more successful seed collection. Those results were
used in estimating Siberian Elm seed loads.

Combining leaching estimates with litterfall measure-
ments provides a first cut at estimating nutrient leaching
inputs from the urban canopy. While our litter basket sur-
vey was not designed to evaluate tree size, canopy volume,
irrigation practices, annual shifts in phenology, or growing
conditions, efforts were made to account for these factors
whenever possible. Trees selected were established (>5 m
tall) and approximately the same size with duplicates at a
site being used whenever possible. Otherwise scaling up our
leaching estimates using methods such as allometric rela-
tionships is challenging in urban environments (McHale
et al. 2009). Urban trees are subject to a variety of growing
conditions (McPherson and Peper 2012), maintenance and
care, and are often heavily pruned—all of which can impact
tree growth (Fini et al. 2015). Furthermore, it is recom-
mended that allometric equations be location-dependent for
accuracy (Jara et al. 2015). While some data does exist for
urban trees (McPherson et al. 2016) they do not include all
species and, importantly, not all litterfall types used in our
study. All the trees used for basket placement—often located
near streets and along parking lots—showed signs of prun-
ing. Although limited by factors such as wind, vandalism,
the COVID-19 pandemic, and other placement restrictions,
our litter basket survey provides a coarse but useful first-
order estimate of potential litterfall across our city.

Salt leaching

We tested the impacts of salt on total dissolved nitrogen
(TDN) and dissolved organic carbon (DOC) leaching (Q3)
on a subset of Norway Maple leaves from a single tree
(Table 2). This exploratory study focused on this species
since it is a common urban tree species. Leaves were har-
vested from a single tree to minimize variation in litter nutri-
ent content, and NaCl was used to make four CI™ treatments:
0gCl-L L 15gCI L™, 3gCl" L and 6 g ClI~- L7},
where the highest C1™ concentration corresponded to the
maximum observed stormwater conductivity in Pocatello
(unpublished data). Three replicates of three grams of air-
dried leaves were leached in 500 ml of treatment solution

in 1-L HPDE bottles and an additional blank without leaves
(leaf mass was limited by the amount of material available
for the number of treatments and replicates). Samples were
collected at 3, 27, 51, 97, and 219 h. At each sampling point,
the entire solution was poured off and filtered through ashed
Whatman GF/F (0.7-um pore) filters and frozen until analy-
sis, and a fresh solution of the same NaCl concentration was
added to the bottle. Samples were frozen until analysis and
analyzed for DOC and TDN as above at BYU.

Stormwater collection

To compare leaching potential in stormwater (Q3) and distilled
water, we collected stormwater directly from the pipe at an
outfall during an event on March 14, 2020. This outfall drained
a~5 km? including many of the sampled tree locations. At the
time of sampling, gutter flow had persisted for several hours,
so this stormwater likely did not represent first-flush concentra-
tions. As this portion of our study was primarily exploratory,
we did not make efforts to capture water representative of an
entire storm, nor did we have sufficient litterfall to fully rep-
licate it across all species and litter types. We replicated our
previous intact leaf leaching methods on a single species—
Norway Maple, the most common tree (n=>35; Table 2)—using
stormwater in place of distilled water. In addition to leachate
samples, we analyzed the raw stormwater for the same suite of
analytes, including DOC (9.83 mg L™!), TDN (0.88 mg L™}),
and TP (0.21 mg L™!) as well as a complete ICP analysis.
The highest concentrations were salt components, including
Cl (45.52mg L"), Na (38.03 mg L), and Ca (14.54 mg L ™).

Crushing methods

To assess the impact of physical crushing on leaf leaching
potential (Q3), we included a crushing treatment for leaf repli-
cates of six species (n=29; Table 2) including Norway Maple
(Acer platinoides), Littleleaf Linden (Tilia cordata), Siberian
Elm (Ulmus pumila), Russian Olive (Elaeagnus angustifolia),
Honeylocust (Gleditsia triacanthos), and Green Ash (Fraxi-
nus pennsylvanica). We did not have sufficient leaf litter to
assess impacts of crushing on all 10 species. Dried litter was
crushed by manually forcing it through the 1-cm opening of
an acid-washed HDPE funnel placed over a 1-L. HDPE bottle.
A pre-measured amount of ultra-pure water was used to rinse
the funnel directly into the inundation bottle. This approach
ensured that no mass of pre-weighed leaf sample was lost.
Crushed samples were then leached following the same pro-
tocol used for intact leaves (see 2.4).

City-wide scaling estimates

To approximate city-wide leaching potential, we used a
newly created inventory of ~ 39,000 residential and street
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trees and a 2018 state-wide analysis of urban canopy cover
and impervious surface area by the Idaho Department of
Lands (Idaho Department of Lands (IDL) 2018). Given
our focus on urban tree impacts on stormwater quality, we
limited our study to tree canopy directly over impervious
surface To calculate city-wide canopy cover by species,
Thiessen polygons—whose borders are defined by the mid-
point between points—were created surrounding each sur-
veyed tree using ArcPro software. This approximated each
individual tree canopy extent within continuous sections
of canopy cover. These polygons were intersected with the
IDL urban canopy dataset and then trimmed to that imme-
diately above impervious surface—defined as streets and
parking lots. This provided us with a city-wide species-level
canopy cover estimate over impervious surface. When pos-
sible, these areas were multiplied by the calculated leaching
potential for our 10 targeted species. Leaching potential of
unmeasured species were estimated using the minimum and
maximum annual leaching potential of the measured spe-
cies, creating a bracketed range of estimates.

Analysis

We used R programing software Version 4.0.3 to run all
analysis (R Core Team 2020). Figures were designed using
‘ggplot2’ (Wickham 2016). Throughout our analysis, we
used a=0.05 to determine statistical significance and Type
II SS for unbalanced data.

To assess Q1, we compared leaching rates among litter-
fall type (blossoms, fruits, and leaves) using linear mixed-
effects models (LMMs) with ‘species’ as the random
factor (varying intercepts). We used the ‘lmer’ (‘lme4’;
Bates et al. 2015) and ‘Anova’ (‘car’; Fox and Weisberg
2019) functions in R to conduct our analyses. Results are
presented using Wald’s chi-square test statistics. We then
used Tukey’s HSD for post-hoc comparisons among litter
types, using the ‘emmeans’ package (Lenth 2020). Sepa-
rate models were assessed for leaching rates of TDN, TP,
and DOC, as well as plant tissue content of N, P, and C.
We were also interested in understanding if differences in
litter tissue content explained variation among litter types,
yet we were unable to use ANCOVA because the range of
values for the covariates differed greatly among the litter
types, which violates model assumptions. Therefore, we fit
nine separate linear models relating leaching rate and tis-
sue nutrient content for TDN, TP, and DOC by each litter
type (blossoms, leaves, fruit) and compared these regres-
sions qualitatively. While our focus was on differences
in litterfall types, we anticipated interspecific differences
in responses, which we interpreted qualitatively. Species
was included as a random effect in the LMMs, as not all
species had all litterfall types (i.e., these variables were
not fully crossed.)
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To assess Q2, litter basket results were scaled up by mul-
tiplying minimum, mean, and maximum leaching rates by
the average litter basket mass for each litter type and species
for each week. We then totaled the litterfall mass across time
for each litter type and species within each replicate bas-
ket and multiplied these mass totals by their corresponding
leaching rate to calculate potential total TDN, TP, and DOC
leaching. We used average litterfall mass as minimum and
maximum litterfall rates ranged widely due to tree size varia-
tion. To compare among litter types and species, we summed
the total nutrient leaching potential across the study period
for each litter type and species. We could not statistically
test differences between tree species and their total nutrient
leaching potential because litterfall and leaching estimates
did not use the same individual trees for each species.

To assess Q3, we used linear regression to assess how salt
concentrations affect leaching rates and Welch’s 2-sample
t-test to compare leaching rates between stormwater and DI
water due to unequal variances. Because we included several
species in our crushing experiment, we used a LMM with
crushing as a fixed effect and species as a random effect,
similar to above. Residuals of all analyses were visually
inspected to confirm that the data met model assumptions.

Results
Leaching rates across litter type and species

Leaching rates of TDN, TP, and DOC varied up to seven-
fold among blossoms, fruit, and leaves after 24 h of leaching
(Fig. 1). There were significant differences in leaching rates
among litterfall types for all analytes (Table S1), and these
differences were consistent among species (Fig. 1). For both
TDN and DOC, leaching rates were greatest for blossoms,
intermediate for leaves, and lowest for fruit. The leaching
rate of TP was greater for blossoms than both leaves and
fruit, which did not differ from each other. Among species,
TDN leaching from blossoms was 3-20 times greater than
that of leaves. TP leaching from blossoms was 1.5-8 times
more than from leaves of the same species. TDN and TP
leaching rates from fresh grass clipping were similar to tree
blossoms (Fig. S2), while DOC leaching rates from grass
was similar to that of tree leaves. Bract litter was only pre-
sent in Littleleaf Linden (Tilia cordata) and was associated
with relatively low levels of TDN, TP, and DOC leaching
(Fig. S2).

Despite variation in leaching rates among species (Fig. 1),
the pattern of higher TDN and TP leaching from blossoms
and lowest leaching from fruit was consistent among species.
For example, for all species with available data, blossoms
leached more than other litter types, despite two-fold variation
among species in blossom TDN leaching rates. Fruit leaching
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Fig.1 Mean (+1 SE) leaching rates among species and litter type
for a) TDN, b) TP, and ¢) DOC. “+” indicates no data as it was
either not collected or the species does not produce that tissue type
(See Table 1). Blossoms leached significantly for all analytes (LMM;
TDN: »?=311.53, p<0.0001; TP:»?=215.05, p<0.0001; DOC: »?
=169.58, p<0.0001) Blossoms leached significantly more TDN and

patterns were consistently lower except for Siberian Elm fruit,
which leached up to eight times more than any other fruit and
at levels approaching the average leached by blossoms. This
amount was still double the rates of TDN and TP leached
by Siberian Elm leaves. Green Ash fruit also leached seven
times more TP compared to its leaves but in contrast, its fruit
leached an undetectable amount of TDN over the 24-h period.

Species

TP than leaves and fruit (Tukey HSD, p <0.05); while DOC leach-
ing was greatest from blossoms and lowest from fruit (Tukey HSD,
p<0.05). Species Abbreviations-All: All species; CAP: Plumleaf cra-
bapple; CAW: ‘Spring snow’ crabapple; CP: Callery Pear; GA: Green
Ash; HL: Honeylocust; LL: Littleleaf Linden; NM: Norway Maple;
PP: Purpleleaf Plum; RO: Russian Olive; SE: Siberian Elm

Litter tissue content and leaching rates

Plant tissue content varied significantly among litter
types for all analytes (Table S3: LMM; TDN: y?=18.46,
p<0.0001; TP: ¥2=145.26, p<0.0001; DOC: »?=191.9,
p <0.0001) with the highest N and P in blossoms com-
pared to fruit and leaves. Species associated with N-fixing
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symbionts (HL and RO) had some of the higher tissue N
content of all species in both leaves and blossoms while still
falling within the range of other non-N fixing species. Leaf
tissue content also differed substantially between the two
N-fixing species (Fig. S3), suggesting that species variation
may be more important than N-fixer status.

Tissue content and leaching rates were consistently higher
in blossoms and lower in leaves, and for any given tissue
content, blossoms consistently leached TDN, TP, and DOC at
higher rates than leaves and fruit (Fig. 2; Table S2). TDN and
TP leaching rates were significantly and positively related to
tissue content in both blossoms and fruit while DOC leaching
in fruit and leaves showed a significant negative relationship
with tissue content (Fig. 2). In contrast, TDN and TP leaching
in leaves was unrelated to tissue content (Fig. 2). The positive
relationship between tissue content and leaching rate in fruit
was driven by Siberian Elms which had relatively high N and
P tissue content as well as leaching rates; when these data
were excluded, there was no relationship (Fig. S4; Table S2).

Litter basket assessment of mass of litterfall by type
and species

Urban trees dropped 120—-1500 g m™~2 of litterfall annually,
when aggregated across all litter types. Litterfall mass varied
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Fig.2 Relationships between leaching rates and tissue content dif-
fered when aggregated across litter types (See LM, Table S3). The
larger black triangles indicate Siberian Elm fruit which had higher
tissue concentrations and leaching rates compared to all other fruit
and drove positive relationships between leaching and content (See
Fig. S3 and Table S3). “*” denotes statistical significance of the slope
with shaded areas representing 95% confidence intervals
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among litter type (LMM; y?=19.33, p <0.001). For most
species, leaf litter and fruit fall were the largest total lit-
ter flux—up to five times the mass of blossoms (Fig. 3a,
b). Exceptions were Littleleaf Linden, which had similar
litterfall rates for blossoms and leaves, and Russian Olive,
which had similar rates for blossoms and fruit (Fig. 3a, b).
Total annual blossom fall mass ranged from 25-150 g m~2
among species, while total leaf fall mass ranged from
120-400 g m~2 among species. When present, fruit inputs
were similar in magnitude to leaf inputs and represented
between 30% (RO) and 80% (CAP) of total litterfall mass.

The seasonal distribution of litterfall also varied among
species and litter types. Litterfall mass was dominated by fall
inputs for some species (i.e., Crabapples, Green Ash, Nor-
way Maple). Litterfall from other species was more evenly
distributed between spring and fall inputs (i.e., Honeylocust,
Russian Olive). Still others dropped litter over an extended
period. For example, Littleleaf Linden dropped litter con-
tinually for almost six months as a mixture of blossoms,
bracts, and fruit, at times all three simultaneously (Fig. 3a).

Even with the lower total mass of spring litterfall,
potential leaching fluxes from blossoms (mg m~2 week ™!,
based on leaching rates and litterfall fluxes) approached
or exceeded autumn rates from fruit and leaves in several
species (Figs. 3a, ¢, S5 and S6). Species with especially
high nutrient leaching from blossoms, such as Honeylocust
and ‘Spring Snow’ Crabapple, had potential nutrient leach-
ing signatures dominated by springtime inputs (Fig. 3c). In
contrast, species with large leaf fall and moderate to high
potential rates of leaf litter leaching—such as Green Ash
and Callery Pear—had potential nutrient leaching signatures
dominated by autumn inputs.

Seasonal patterns in potential nutrient leaching between
TDN and TP were similar, but not identical (Fig. S5). For
example, fruit from the Green Ash leached undetectable
amounts of TDN but substantial amounts of TP, leading to
its “dual-peak” autumn signature in potential TP leaching.
Norway Maple fruit and leaves drop in enormous quanti-
ties and both leached substantial amounts of TP to shift its
potential leaching signature to autumn-dominated inputs.
Overall, total potential DOC leaching patterns followed a
similar pattern to litterfall mass (Fig. S6).

Total litterfall nutrient leaching among species

Total annual litterfall combined with leaching potential
allowed us to identify “problem species” that potentially
contribute disproportionately to nutrient leaching in
urban areas (Fig. 4). The top contributing species var-
ied depending on the analyte of interest. Norway Maple,
Plumleaf crabapples, and Callery Pear were all highly
ranked for total potential DOC, TDN, and TP leaching.
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Russian Olive, a common invasive species in the west-
ern United States and symbiotic N-fixer, was the primary
offender for potential TDN leaching, but was in the bot-
tom 50% for TP. Similarly, Green Ash had the lowest
potential TDN leaching, but has a high potential to con-
tribute TP.

Estimated annual nutrient fluxes from urban forest lit-
terfall normalized by total city area yields estimates of
1000-3000 kg C ha~! year™!, 50-100 kg N ha~! year~!,
and 5-15 kg P ha™! year™! (Fig. 5). Leaching potential of
nutrients from litterfall after 24 h of inundation was less
than 1% that of total nutrient flux estimates (Fig. 5; panels
d-f). Leaching flux estimates were 1-5 kg C ha™! year™!,
1-15 g N ha~! year™!, and 5-15 mg P ha™! year™".
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TDN leached (mg m™2) by litter type and species. Similar figures for
TP and DOC can be found in supplemental materials. “+4” indicates
missing data. CAP: Plumleaf crabapple; CAW: ‘Spring snow’ crabap-
ple; CP: Callery Pear; GA: Green Ash; HL: Honeylocust; LL: Little-
leaf Linden; NM: Norway Maple; PP: Purpleleaf Plum; RO: Russian
Olive; SE: Siberian Elm

Replicating urban conditions in the lab

Norway Maple leaf leaching rates in stormwater were not sig-
nificantly different from those leached in deionized water across
all analytes (Fig. S7). In contrast, salt concentration signifi-
cantly decreased DOC (but not TDN) leaching over the 9-day
experiment (Fig. S8). In general, across species, crushing leaves
increased leaching rates for all analytes (Fig. S9, LMM; TDN:
7*=11.20,p<0.01, TP: »’>=9=8.50, p<0.01, DOC: »?=39.70,
p<0.001) increasing mean leaching rates by 60% for TDN, 72%
for TP, and 67% for DOC. However, the effect of crushing varied
substantially among species. Crushing had no effect on TDN
leaching for Norway Maple, but increased TDN leaching 0.7
times for Green Ash. Crushing increased TP leaching rated by
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near-zero (LL, NM, RO, SE) to 16 times in Green Ash. Crushing
increased DOC leaching rates from near zero (Norway Maple)
to 3.8 times in Honeylocust (Fig. S9; Table S4).
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Fig.5 Estimated annual city-wide fluxes and leaching potential from
all litterfall. a-c indicate nutrient and carbon fluxes based on mass and
% C, N, or P. Values for “other deciduous” were estimated from aver-
age, minimum, and maximum tissue percentages multiplied by litter-
fall masses of the ten species gathered. This creates a bracketed range
for our estimates due to unmeasured species. No conifer estimates
were made due to a lack of information on litterfall rates and appro-
priate leaching rates. Panels d-f show potential leaching from litterfall
inputs based on mass leached after 24 h. Values for “other deciduous”
were estimated using the same method as described for panels a-c
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Discussion

Urban tree blossom fall is a major potential nutrient
fluxin cities

Urban blossom fall represents an unappreciated source of
dissolved nutrients. Blossom tissue had higher N, P, and C
content compared to leaves and fruit, and a greater propor-
tion of tissue nutrients leached from blossoms. Leaching
rates from blossoms were consistently greater than leaves
and fruit of the same species. Despite the small mass flux of
blossoms relative to leaves, high leaching rates meant that
total seasonal potential leaching from blossoms approached,
or exceeded, that of autumn leaves across several species. As
a result, historic studies focusing exclusively on nutrient and
carbon fluxes associated with leaf fall (Cowen and Lee 1973;
Meyer 1980; Dorney 1986; Bratt et al. 2017) may be
neglecting a critical nutrient flux, across both urban and
non-urban ecosystems. Non-leaf litterfall appears to con-
stitute a significant urban nutrient flux that has thus far
gone unaccounted in urban nutrient budgets (Groffman
et al. 2004; Metson et al. 2015; Hobbie et al. 2017). For
example, potential areal nitrogen inputs from Russian
Olive and Normal Maple in our study area approach rates
of atmospheric N deposition inputs and total export from
urban watersheds (Groffman et al. 2004). Our city-wide
analysis—limited to urban tree canopy overhanging a sub-
set of impervious surface—showed that urban litterfall
nutrient fluxes represent a substantial internal nutrient flux
(e.g., 5-10 times suburban N fertilizer inputs, Groffman
et al. 2004). Considering that Pocatello has relatively low
canopy cover compared to other cities (12%), these fluxes
are likely to be substantially higher in other urban areas.

Species diversity impacts nutrient leaching
potential both spatially and temporally

Considering all litter inputs, potential nutrient leaching
per gram of dry litter varied up to five-fold among the
10 urban species we studied, supporting earlier find-
ings that leaching varies among species (Cowen and Lee
1973; Dorney 1986; Wang et al. 2007; Hobbie et al. 2014).
Importantly, some species had the potential to contrib-
ute substantially to one nutrient, but not to others (e.g.,
Russian Olive had high N, but low P leaching potential),
while species such as Norway Maple are likely to contrib-
ute large amounts of both N and P. The seasonal pattern
of inputs also varied substantially among species due to
the timing of litterfall and magnitude of potential nutrient
leaching among litter types, and pulses of high leaching
potential did not always correspond with large litterfall
mass (Fig. 4c; CAP, PP, RO). Our results identify both
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seasonal variation in nutrient fluxes within species and
seasonal variation among species that could contribute
to an extended period of nutrient inputs from the urban
forest. For example, across the 10 species in our study,
blossoms dropped any time from April to mid-June, leaf
litter fell between August and mid-December, and at least
one of the species was dropping litterfall during 36 of the
38 weeks of the collection season.

Urban forests are diverse (Morgenroth et al. 2016),
and community composition is structured by a range of
social and economic factors (Avolio et al. 2015, 2018).
Spatial variation in community composition could lead to
spatial variation in the magnitude of nutrient inputs and
the timing of those inputs. New planting initiatives have
the potential to shift current tree diversity (Greene and
Millward 2016), yet these programs rarely consider the role of
trees as sources of nutrient pollution to urban ecosystem
(Pincetl et al. 2013). Variation in nutrient leaching poten-
tial among species can be large; therefore, incorporating
this information into the selection of trees for urban areas
could have a meaningful impact on urban nutrient budgets
and aquatic nutrient pollution.

Current species recommendations for street tree plant-
ings often consider hardiness, maintenance costs (e.g.,
“messy” litterfall or shallow roots which damage side-
walks and roads), and tree form, but our study shows that
species diversity of street trees can also influence water
quality outcomes. Norway Maple with its large sprawling
canopy, abundance of litterfall, and high leaching potential
in both N and P make it a poor street tree recommenda-
tion, particularly as its leaf leaching potential increases
with crushing. Interestingly, we found a species native to
this area, Honeylocust, leached only moderate amounts of
nutrients despite their association with N-fixing bacteria.
The variation in leaching potential across species brings
to the forefront the need to consider proximity to impervi-
ous surface and connection to the stormwater system when
planning and planting a diversity of trees in promotion of
a healthy urban forest.

Challenges in scaling up laboratory leaching estimates

Urban environments are complex, and litter leaching in the
field does not happen under controlled conditions (Marsalek
2003; Duan et al. 2014). Stormwater is a complex chemi-
cal mixture (Kaushal et al. 2018), with components that
can both inhibit and stimulate decomposition and leaching.
Components such as salt can decrease leaching rates. Yet,
it is difficult to predict how the effects of a single compo-
nent will translate to actual field leaching because other
stormwater components, such as nutrients, could stimulate
decomposition and leaching (Kominoski et al. 2015). This
complexity may explain why we found no differences in

leaching between stormwater and DI treatments. Similarly,
while most leaching studies use intact leaves, pedestrian and
vehicle traffic (including maintenance vehicles) contribute to
the physical breakdown of leaf litter in urban gutters (Wang
et al. 2020). While physical crushing increased leaching
rates, the effects were inconsistent among species, chal-
lenging our ability to scale up laboratory studies or make
assumptions about how laboratory leaching rates may trans-
late to the field.

Another challenge for scaling up laboratory leaching esti-
mates is the ephemeral nature of urban runoff. While 24 h of
continual stormwater gutter flow might be more rare in this
region, winter and spring snowmelt and ponding in stormwa-
ter infrastructure would more frequently lead to such condi-
tions. Leaching requires litter drop to coincide with gutter
flow, and as a result, how the urban forest community trans-
lates to actual nutrient inputs will depend on the temporal
alignment of litterfall with wet- and dry-weather flows, as
well as the duration of flow. Previous studies have identi-
fied pulses of nutrients in stormwater associated with litter-
fall (Selbig 2016; Janke et al. 2017), but further research is
needed to characterize the effects of litter type and species
composition on surface water nutrient concentrations.

Finally, fully scaling up laboratory leaching to watershed
estimates of nutrient inputs requires information about the
identity, location, and size of urban trees throughout the
urban forest. Many current tree inventories only include city-
managed street trees (Nielsen et al. 2014; Morgenroth et al.
2016), neglecting nearby residential trees that may overhang
city streets. Litterfall from both types of trees is likely cap-
tured and transported via stormwater infrastructure, but we
lack a comprehensive understanding of forest diversity when
it comes to residential trees (Hill et al. in prep). We were
able to estimate city-scale nutrient fluxes because we had
access to species diversity and canopy cover datasets, but
those are not commonly available. Recent steps in remote
sensing capabilities may assist with species identification of
residential trees (Zhang and Qiu 2012; Hartling et al. 2019);
however, accurately estimating litterfall of all litter types
within the urban tree community is a problem that would
persist. Given the variability of tree size and spatial patterns
of planting, both locally and regionally, beginning to com-
pile such datasets will improve initial estimates.

Conclusion

In addition to canopy cover (Janke et al. 2017), community
composition and litterfall type are important factors affect-
ing potential dissolved nutrient and carbon pulses. The large
variation in leaching potential (up to 15 times) among litter
types and species highlights the need to closely consider
all litterfall contributions when creating urban nutrient
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budgets and developing maintenance programs. Translat-
ing from potential to actual leaching rates requires further
understanding of when litterfall and water are simultane-
ously present in our storm systems. Litterfall presence is
driven largely by plant phenology, but urban maintenance
practices and overwatering and irrigation can lead to less
predictable flows and nutrient pulsing. The timing of blos-
soms as springtime organic matter inputs coupled with a
lack of targeted maintenance programs for non-leaf litter-
fall emphasizes the disproportionately large role blossoms
may contribute to nutrient pollution in urban waters. Urban
trees provide countless benefits to cities and urban residents
(Schroeder 2011; Loughner et al. 2012; Armson et al. 2012;
Livesley et al. 2016); understanding and quantifying leach-
ing potential from seasonal litterfall is an important step in
minimizing the environmental costs of the urban forest and
promoting sustainable urban development and infrastructure.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11252-022-01217-8.
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