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ARTICLE INFO ABSTRACT
Editor: Jurgen Mahlknecht Street trees support climate resiliency through a variety of pathways, such as offsetting urban heat and atten-
uating storm water runoff. While urban trees in arid and semiarid ecosystems have been shown to take up water
Keywords: from irrigation, it is unknown where street trees in mesic cities obtain their water. In this study, we use natural
Urban greening abundance stable isotopes to estimate the proportional sources of water taken up by Acer platanoides street trees
litab¥e,15(;_t°pes in Boston, Massachusetts, United States, including precipitation, irrigation, groundwater, and wastewater. We
recipitation . . P . . . .
Imgali ion use Bayesian multisource mixing models to estimate water sources by comparing the natural abundance isotopic
Evapotranspiration ratios of hydrogen and oxygen across potential water sources with water extracted from tree stem samples. We

Ecosystem services find that during the summer of 2021, characterized by anomalously high rainfall, street trees predominantly
utilized water from precipitation. Precipitation accounted for 72.3 % of water extracted from trees sampled in
August and 65.6 % from trees sampled in September. Of the precipitation taken up by street trees, most water
was traced back to large storm events in July, with July rainfall alone accounting for up to 84.0 % of water found
within street trees. We find strong relationships between canopy cover fractions and the proportion of precipi-
tation lost to evapotranspiration across the study domain, supporting the conclusion that tree planting initiatives
result in storm water mitigation benefits due to utilization of water from precipitation by urban vegetation.
However, while the mature trees studied here currently support their water demand from precipitation, the
dependency of street trees on precipitation in mesic cities may lead to increased water stress in a changing
climate characterized by a higher frequency and severity of drought.
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1. Introduction

The majority of the global population currently lives in cities with
the world's urban population forecast to reach 6.7 billion by 2060
(United Nations Department of Economic and Social Affairs Population
Division, 2018). Hazardous urbanization-induced environmental con-
ditions experienced by urban dwellers such as increased heat exposure
(Oke, 1982), degraded air quality (Fenger, 1999), and heightened flood
risk (Jha et al., 2012) can decrease human health (Galea and Vlahov,
2005) and deteriorate public quality of life and well-being (Krefis et al.,
2018). In response, cities are working to identify localized solutions that
alleviate the environmental impacts of urbanization, with tree planting
initiatives emerging as a promising nature-based strategy with wide-
spread global adoption (Food and Agriculture Organization of the
United Nations, 2018).

Trees in cities provide a myriad of services to urban populations,
including climate regulation (Bowler et al., 2010), flood risk reduction
(Yao et al., 2015), physical and mental health enhancements (Duncan
et al.,, 2014; South et al., 2018), and potential removal of airborne
pollutants (Eisenman et al., 2019). Street trees, defined here as trees
managed by networks of multi-stakeholder governance located in public
right-of-way's that are commonly confined to tree pits and planters, are a
primary component of tree planting initiatives. However, street trees are
characterized by high mortality rates, especially among newly planted
saplings and large, mature trees (Smith et al., 2019), pointing to the
need for improved understanding of street tree management, mainte-
nance, and resource acquisition as a necessary step in realizing the
ecosystem service benefits associated with tree planting initiatives. A
key limiting factor in urban tree establishment, health, and survival is
access to water (Konijnendijk, 2010; Moser et al., 2016). However, our
knowledge of urban water source utilization and partitioning in street
trees is very data limited.

Urbanization alters the movement of water as it is added, removed,
diverted, pumped, and piped to meet economic and population demand
(Oke et al., 2017). The relatively high impervious surface fraction of
cities increases surface runoff (Shuster et al., 2005), potentially inhib-
iting street tree root access to infiltrated precipitation. Irrigation is often
implemented in arid and semiarid cities to supplement street tree water
availability (Gleick et al., 2003) with the trade-off of increased use of
potentially scarce water resources. Mesic cities, often without dedicated
irrigation protocols for mature vegetation, may encourage watering
from residents and stakeholders (e.g. City of Boston, 2021). However,
residential irrigation of public street trees is largely focused on saplings.
While some trees in natural ecosystems and urban greenspaces have
been found to utilize groundwater sources (Marx et al., 2022; Balugani
et al., 2017; Bijoor et al., 2012; Miller et al., 2010), street tree access to
groundwater may be obstructed by compacted soils and restricted soil
volumes in tree pits (Mullaney et al., 2015). Anthropogenically intro-
duced water sources from belowground water and sewer pipes represent
additional water sources to street trees via leakage into the soil (Peche
et al., 2017) or root infiltration into pipes (Randrup et al., 2001). Un-
derstanding which of the many potential water sources that street trees
utilize has important implications for street tree management and water
conservation.

For example, if street trees primarily access soil water from precip-
itation, they may be sustained by the precipitation frequency of the
current climate, but may become more susceptible to the negative ef-
fects of a projected future with increases in the frequency and severity of
drought (Seneviratne et al., 2012). In contrast, if street trees are found to
utilize water from belowground pipes or groundwater, they may be
expected to demonstrate heightened drought resilience at the cost of the
integrity of belowground infrastructure or stability of the water table. If
street trees rely on irrigation to meet water demand, cities must consider
the costs and benefits of street tree health versus water conservation.

Tree water source partitioning is commonly quantified by leveraging
variability in the natural abundance stable (non-radioactive) isotope
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composition of water (expressed as the variation in isotope ratios of
oxygen and hydrogen in samples relative to a standard; 5!%0 and §%H)
originating from different sources (Ehleringer and Dawson, 1992;
Dawson et al., 2002). Isotopes are variants of the same chemical element
with an equivalent number of protons (i.e. atomic number) but different
number of neutrons, resulting in a different atomic mass. Isotopic frac-
tionation, or the relative partitioning of the heavier and lighter isotopes
between two coexisting phases, occurs during phase changes such as
evaporation and condensation (Dansgaard, 1964; Allison et al., 1983),
leading to unique isotopic composition of water across sources. While
there is evidence of isotopic fractionation during root uptake in some
plant species, such as halophytes and xerophytes (Ellsworth and Wil-
liams, 2007; Vargas et al., 2017), other work finds no change in the ratio
of heavy to light isotopes during root uptake by vegetation (Wershaw
et al, 1970; Dawson and Ehleringer, 1993; Amin et al., 2021),
prompting many studies of tree water source partitioning to assume zero
fractionation during root uptake. Thus, it is possible to identify and
partition tree water source utilization by quantifying the naturally
abundant stable isotopic composition of water within suberized tree
stems (Dawson and Ehleringer, 1993), given distinct isotopic signatures
across potential water sources with the use of Bayesian stable isotope
mixing models (Parnell et al., 2013). Despite decades of research on tree
water source identification and a recent exponential increase in the
number of studies utilizing stable isotope methodologies (Phillips et al.,
2014), urban tree source water partitioning remains vastly understudied
(Bijoor et al., 2012; Gémez-Navarro et al., 2019; Marx et al., 2022) and
has primarily focused on vegetation within arid and semiarid cities,
where irrigation is administered regularly (Bijoor et al., 2012; Gomez-
Navarro et al., 2019).

In Los Angeles, California, United States, Bijoor et al. (2012) evalu-
ated the isotopic ratios of urban tree stem water, and potential sources of
water for trees, including soil water, irrigation water, and groundwater,
finding that the soil water taken up by trees was primarily composed of
water originating from irrigation rather than precipitation. In some
cases, despite frequent irrigation, some trees accessed groundwater to
supplement their water demand. Furthermore, the isotopic composition
of stem water in some trees could not be explained by the isotopic
composition of irrigation water or groundwater, which Bijoor et al.
(2012) speculated may be due to trees utilizing water from runoff, storm
drains, or leaky pipes. In Salt Lake City, Utah, United States, Gomez-
Navarro et al. (2019) observed variability in tree water source parti-
tioning within urban parks across the growing season, finding water
from irrigation to be a dominant source of water within tree stems
throughout the growing season, with increasing contributions from
snowmelt from the preceding winter towards the end of summer. Marx
et al. (2022) assessed ecohydrological partitioning within urban green
spaces in Berlin, Germany concluding that while grasses most likely used
shallow, younger soil water, urban trees were more dependent on older,
deeper soil and groundwater sources.

Here, we conduct, to our knowledge, the first study quantifying
urban tree water source partitioning with an explicit focus on street trees
in a mesic city that does not provide municipal irrigation of mature
trees. We collected water samples from the potential sources, including
precipitation, irrigation, groundwater, and wastewater and compared
the isotopic ratios to water extracted from suberized street tree stems.
We used a Bayesian mixing model analysis to estimate the proportion of
water taken up by trees from each source. Mixing model outputs were
used to estimate the proportion of precipitation lost to evapotranspira-
tion (ET) to contextualize the implications of street tree water source
partitioning on urban water cycling. We tested the hypothesis that street
trees in tree pits located in mesic environments primarily rely on pre-
cipitation for their water needs. The results provide critical information
for the implementation of tree care and planting initiatives for the
world's cities in a changing climate.
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2. Methods
2.1. Study domain, weather monitoring, and field plots

This study was conducted between May and September 2021 in
Boston, Massachusetts, United States. Boston is characterized by a
continental, humid climate with warm summers and abundant precipi-
tation. From 1991 to 2020, Boston had a mean annual precipitation rate
of 1107 mm yr!, with an average of 264 mm during the summer
months of June, July, and August (JJA; National Centers for Environ-
mental Information, 2023a). The 1991 to 2020 mean annual air tem-
perature was 11.1 °C with a mean JJA air temperature of 22.0 °C
(National Center for Environmental Information, 2023a). Precipitation,
air temperature, and relative humidity were measured during the study
period using a weather station located on the campus of Boston Uni-
versity (Fig. 1).

Six field plots were established within the City of Boston for
groundwater and tree sampling (Fig. 1 inset). Each field plot spanned
one city block and included a groundwater observation well and five,
six, or seven street trees selected for sampling, with a total sample size of
N = 36 trees across all six plots (Table 1). To reduce variability in water
source partitioning estimates due to species-related differences, we
restricted our tree sampling to a single species. We chose Acer platanoides
(Norway maple) as it is the second most abundant street tree species in
Boston, making up 9.4 % of the total street tree population and up to
30.5 % of the population at the neighborhood scale, and is uniformly
distributed. Norway maple is characterized as one of the ten most
abundant species in 14 of 16 neighborhoods described in Boston's Urban
Forest Plan (City of Boston, 2022a). All sample trees were mature street
trees confined to tree pits, where the City of Boston recommends
planting trees in pits such that the sides and bottom of tree pits are open
to the surrounding subgrade to allow for root penetration beyond the pit
(City of Boston, 2013). Sample trees ranged from 16.0 to 48.5 cm in
diameter at breast height (DBH), with an average DBH of 32.8 cm.
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2.2. Water and street tree sample collection

Precipitation samples were collected for a subset of rain events
during 2021 on the rooftop of the College of Arts and Sciences at Boston
University (Fig. 1). Rainwater was collected by funneling water into
glass scintillation vials. Once filled, the scintillation vials were imme-
diately capped, sealed, and stored frozen until analysis. Eight precipi-
tation samples were collected for water source partitioning analysis on
June 1, June 13, July 2, July 9, August 4, August 8, September 2, and
September 10, 2021. Two additional precipitation samples were
collected on May 10 and September 28, 2021 to further constrain esti-
mates of the slope and intercept of the local meteoric water line (LMWL),
defining the “site-specific covariation of hydrogen and oxygen stable
isotope ratios” (Putman et al., 2019), but were not used in the water
source partitioning analysis.

Irrigation, wastewater, and groundwater samples were collected on
May 16, June 1, July 15, August 10, and September 14, 2021. Irrigation
water was sampled from a faucet in the College of Arts and Sciences at
Boston University (Fig. 1). The City of Boston primarily receives water
from a single source (the Quabbin Reservoir), approximately 110 km
west of Boston. Therefore, we use tap water as a reasonable proxy for
water used to irrigate street trees, as in Gomez-Navarro et al. (2019).
Wastewater grab samples were collected at a local wastewater treatment
plant (Fig. 1) from sewage influent. Groundwater samples were
collected at each field plot from groundwater wells located on the same
city block as sample trees. Prior to sample collection, three times the
standing water volume of the well was purged to reduce the influence of
evaporatively enriched standing water in the well. Irrigation, waste-
water, and groundwater samples were immediately capped, sealed, and
stored frozen until analysis. Soil water sampling from tree pits was not
feasible due to obstructed soils from impervious tree pit covers (e.g.
bricks and pavers) and high root density within tree pits.

Woody, suberized tree stem samples were collected for all 36 trees
using a pole pruner from sunlit canopy branches on May 16, June 1, July
15, August 10, and September 14, 2021 between 09:00 and 15:00. Stem
samples were approximately 4-6 cm long and approximately 4-10 mm

2 km

@ Weather Station/Precipitation/Irrigation
Wastewater

@ Groundwater
¢ Trees

Fig. 1. Main: Location of weather station, sample collection locations, and sample trees. Inset: Six field plots for groundwater and tree sampling labeled by plot ID.
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Table 1

Description of field plot characteristics including street name, number of
sampled trees, mean diameter at breast height (DBH; cm) of sampled trees, mean
impervious surface area (ISA; %) within a 10-meter radius of sampled tree pits
(provided at 1-meter resolution by MassGIS, 2005), and a representative
example image of a typical sampled tree (© Google Street View).

Plot Street name # of Mean Mean Image
ID sampled DBH ISA (%)

trees (em)
LI Lime St. 5 24.5 100

MA Marlborough 7 35.7 78.7
St.

ME Melrose St. 6 35.9 100

PE Peterborough 6 36.5 83.9
St.

SH Shawmut Ave. 6 26.0 66.6

WB West Brookline 6 38.8 97.8

St.

in diameter. Stem samples were immediately placed into glass scintil-
lation vials which were capped, sealed, and placed into a cooler with ice
until they could be transported to Boston University where they were
stored frozen until water extraction. Due to sample loss from inconsis-
tent performance of the isotope ratio mass spectrometers used for
analysis of stem samples collected in May, June, and July 2021, only
stem samples collected in August and September are included in this
analysis. After repair, we confirmed the performance of the isotope ratio
mass spectrometer by regular, repeated comparisons with a variety of
water standards. Water standards included International Atomic Energy
Agency (IAEA)-OH-14 (well water from the great artesian basin in
Australia), IAEA-OH-15 (from the Nubian Sandstone Aquifer), IAEA-OH-
16 (melted alpine snow from the Austrian Alps), and Vienna Standard
Mean Ocean Water (VSMOW) 2 (from three selected fresh water sample
from Lake Bracciano, Italy, Lake Galilea, Israel, and a well near Cairo

Egypt).
2.3. Proximity of trees to sewer lines and groundwater

The distance of sampled trees to sewer lines and local groundwater
depth were determined to assess the feasibility of tree root intrusion.
Locations of the primary sewer lines within the six field plots were
provided by the Metropolitan Area Planning Council (2021). The sewer
line geospatial data does not include all residential connection lines to
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buildings, resulting in potential overestimates of minimum tree dis-
tances to sewer lines. For each tree, the minimum distance from the tree
bole to a sewer line was calculated using QGIS version 3.30. Ground-
water elevation during the sampling period was provided by the Boston
Groundwater Trust (2021). For each field plot, the groundwater depth of
the corresponding groundwater observation well was calculated as the
difference between the well rim elevation (located at the ground surface
in all cases) and groundwater elevation, where elevations were refer-
enced to the Boston City Base Datum (1.72 m).

2.4. Laboratory sample processing

Water from tree stem samples was extracted using cryogenic vacuum
distillation at the Boston University Stable Isotope Laboratory, following
the methods described in Harrison et al. (2020). Water source and stem
water samples were analyzed for stable isotopic composition using an
isotope ratio mass spectrometer (GV Instruments IsoPrime) coupled with
a Pyr-OH liquid autosampler (Eurovector) at the Boston University
Stable Isotope Laboratory. Isotope ratios of hydrogen and oxygen were
acquired and expressed in standard delta notation (62H and 6180; %o)
referenced to the VSMOW standard. Three replicates were run for all
precipitation, groundwater, wastewater, and irrigation samples, and
two replicates were run for each stem water sample when possible. A
total of 36 trees were sampled in both August and September, however,
due to a deficiency of water extracted from some samples, we only
analyzed 27 trees for August and 31 trees for September 2021. Regular
repeated comparisons with several water standards (described above in
Methods subsection Water and street tree sample collection) yielded a
precision of +1.85 %o for 2H and +0.25 % for ‘80 during analysis.

Line-conditioned excess (LCys; Landwehr and Coplen, 2004) was
calculated for each sample to characterize the deviation of the sample
isotopic composition from the LMWL due to evaporative enrichment
(Birkel et al., 2018). LCys was calculated as:

LC, =6D—ax8%0—b @))

where a is the slope of the LMWL and b is the intercept of the LMWL.
More negative LCys values indicate a higher degree of evaporative
enrichment.

2.5. Evapotranspiration modeling

We modeled ET from local vegetation during 2021 to estimate the
fraction of precipitation lost to the atmosphere via ET to contextualize
the implications of our study results for urban tree storm water miti-
gation and water availability in a future climate. ET was modeled using
the Urban Vegetation Photosynthesis and Respiration Model Latent Heat
module, described in detail in Smith et al. (2021), which produces
hourly, 30-meter spatial resolution estimates of urban ET based on
vegetation activity, urban climate effects, and physiological character-
istics. The model was run over six domains corresponding to the six field
plots, where domains were created by applying a rectangular buffer of
150 m from each field plot boundary. The proportion of precipitation
lost to ET was calculated as the product of mean annual ET (mm) within
the modeling domain and the estimated proportion of water uptake from
precipitation, divided by the annual precipitation (mm). We estimated
relationships between canopy cover and ET across model domains using
a linear regression model where canopy cover (%) within each model
domain was calculated as the area of tree canopy cover (from a high-
resolution land cover product for the City of Boston; University of Ver-
mont Spatial Analysis Laboratory, 2020) divided by the model domain
area, multiplied by 100.

2.6. Statistical analysis

Tree stem sample isotope ratios commonly plot below the LMWL
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along linear evaporation lines originating from a water source mixture,
where the slope of the evaporation lines is a function of temperature,
humidity, and equilibrium and kinetic fractionation factors (Benettin
et al., 2018). Tree source water isotope ratio mixture distributions were
reconstructed from measured isotope ratios using the package ‘isoWater’
in R (Version 4.1; Bowen, 2022) to account and correct for the effects of
source water evaporation during soil infiltration and prior to root up-
take. Evaporation line slopes are typically <3 for upper soil layers
(Gibson et al., 2008), with flatter slopes under arid conditions (Benettin
et al., 2018). We estimated slope priors of 2.58 (6 = 0.17) and 2.63 (c =
0.17) for the August and September 2021 stem sampling dates, respec-
tively, based on eqs. 2-4 and 7 in Benettin et al. (2018), a mean tem-
perature of 22.2 °C, and mean relative humidity of 74 % between June 1
and August 10, 2021 and mean temperature of 22.5 °C and mean rela-
tive humidity of 74 % between June 1 and September 14, as measured at
the weather station we sampled from (Fig. 1). As the potential street tree
water source samples included in the analysis fell on the LMWL, we did
not apply evaporation line corrections to precipitation, irrigation,
groundwater, or wastewater data.

Using the reconstructed source water mixture found in tree stem
samples, we utilized a Bayesian stable isotope multisource mixing model
to quantify contributions from each water source to water found within
the tree stem for each sampling date using the package ‘simmr’ in R
(Parnell, 2021). The Bayesian framework implements commonly used
endmember mixing models, but accounts for uncertainty in isotope
composition estimates in tree stem and source samples, utilizes both §°H
and 5'80 measurements, and provides estimates of water uptake from
each source, resulting in a more robust estimate of water source parti-
tioning than other analytical techniques (Rothfuss and Javaux, 2016).
This analysis combines Markov chain Monte Carlo (MCMC) sampling
with Bayesian updating of prior distributions to estimate a posterior
proportion and probability distribution of potential source water
contribution to water extracted from tree stems in August and
September. For stems collected in August, model inputs of possible
water sources include the means and standard deviations of §2H and
5180 estimated from precipitation samples collected in June, July, and
August, irrigation sampled in August, wastewater sampled in August,
and groundwater sampled in August from the well closest to each tree
stem sample. For stems collected in September, model inputs of poten-
tial water sources include the means and standard deviations of §°H and
580 estimated from precipitation samples collected in July, August, and
September, irrigation sampled in September, wastewater sampled in
September, and groundwater sampled in September from the well
closest to each tree stem sample. We chose to use the precipitation
samples collected from the same month of tree sampling and two months
prior to tree sampling in the analysis since the mean transit time of upper
urban soil layers has been estimated to range between 0.64 and 12.11
weeks in tree-covered urban soils (Marx et al., 2022). Including multiple
months of precipitation data allows the model to account for tree uptake
of soil water that may be composed of a mixture of recent rain events.
For each tree stem sampling date, the Bayesian mixing model was run
with three chains, 50,000 iterations, and a ‘burn-in’ period of 25,000
iterations for each stem. Prior distributions assumed equal uptake from
each potential source. To test the sensitivity of mixing model outputs to
prior distribution selection, we repeated the mixing model analysis
using a weighted prior distribution describing 70 % uptake from pre-
cipitation weighted by month according to monthly cumulative pre-
cipitation, and 10 % uptake from each potential source of groundwater,
irrigation, and wastewater (SI Table 1). We assumed no isotopic frac-
tionation during water uptake (Dawson and Ehleringer, 1992). All sta-
tistical analysis was conducted using R version 4.1 (R Core Team, 2021).

Recent studies have demonstrated a potential methodological bias in
52H estimation from the extraction of stem water via cryogenic vacuum
distillation (Chen et al., 2020; Allen and Kirchner, 2022). As a robust-
ness check for our mixing model outputs, we conducted an additional
analysis by applying a deuterium correction to the stem 5H values. A
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range of values describing the potential offset have been reported across
species, however, due to insufficient data on biases associated with Acer
platanoides, we applied a correction of +8.1 %o to the stem 52H values as
in Marx et al. (2022), representing the mean value reported in Chen et al.
(2020) as a reasonable approximation of a potential offset (SI Table 1).
Allen and Kirchner (2022) identify a deuterium correction of +6.1 +
3.4 %o as a reasonable indication of potential bias, supporting our
applied correction of +8.1 %e.

3. Results
3.1. Weather trends and characterization of local meteoric water line

The year 2021 was a much wetter than average year in Boston.
Annual precipitation was 1408 mm, 27.1 % above the 30-year average,
with JJA precipitation being 621 mm, 135 % higher than average.
During the sampling period from June 1 to September 14, 724 mm of
rain fell, with July representing the wettest month of the sampling
period and year, accounting for 315 mm of rain (Fig. 2). On July 9,
tropical storm Elsa passed over Boston and produced approximately 70
mm of rain at the weather station during the July 9, 2021 sampling
event. There were no significant trends over time in the daily average
temperature (p > 0.05) or daily average relative humidity (p > 0.05)
during the sampling period, with a mean daily temperature of 22.6 °C (¢
= 3.4 °C) and mean daily relative humidity of 74.4 % (c = 11.8 %).

The equation for best fit LMWL estimated from precipitation mea-
surements collected between May and October 2021 was §2H = 8.7 *
5180 + 8.5 (Fig. 3). While the LMWL slope is slightly greater than that of
the global meteoric water line (GMWL; 8) and the LMWL intercept is less
than that of the GMWL (10), the LMWL slope and intercept are consis-
tent with other LMWLs estimated in continental climates at a similar
latitude (Putman et al., 2019). Clear seasonal trends of isotopic
enrichment of precipitation during summer months (Barbeta et al.,
2018) were not observed during the sampling period, potentially due to
limited sampling frequency. We observed precipitation isotopic values
of a similar magnitude during May, (=—38.8 + 0.6 %o for 5°H and
=—8.0 + 0.4 %o for 5'80), June (~52.0 + 1.0 %o for 5°H and —6.7 + 0.2
%o for 6180) and September (—47.2 + 4.2 %o for 5%H and —5.0 + 0.8 %o
for 5!80) and relatively enriched values during August (—7.7 + 5.8 %o
for 6%H and —1.9 + 0.6 %o for '%0; Fig. 4). Precipitation 5?H and 580
values in July were relatively depleted (mean = —74.7 + 2.8 %o for §°H
and mean = —9.23 + 0.2 %o for §'80; Fig. 4), likely due to the influence
of tropical storm Elsa. Tropical cyclones are known to produce
extremely negative isotopic values (Lawrence and Gedzelman, 1996).

3.2. Groundwater, irrigation, and wastewater isotope ratios

Groundwater, irrigation, and wastewater isotopic values plotted
along the LMWL (Fig. 3) and were isotopically distinct for each month
and location used in the mixing models. Wastewater and irrigation,
which both move through the city in belowground pipes and partially
originate from the same source, were isotopically distinct (p < 0.05),
with more enriched values for irrigation water (—52.8 = 8.0 %o for §°H
and —7.3 + 0.2 %o for 5'80) compared to wastewater (—60.8 £ 6.7 %o
for 8°H and —8.3 + 0.4 %o for 6180). Wastewater and irrigation isotopic
values were relatively depleted in July (SI Fig. 1), potentially due to the
influence of tropical storm Elsa, but were otherwise less variable than
groundwater and precipitation during the sampling period (Fig. 4).
Groundwater isotopic values varied across space and time and generally
followed patterns in precipitation, with the most depleted values
observed in July (—71.8 + 5.7 %o for 8?H and —7.8 =+ 0.4 %o for 5'%0)
and most enriched values in August (—51.7 + 5.5 %o for 5°Hand —7.0 +
0.4 %o for 5%0; Fig. 4).
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Fig. 2. (A) Daily mean air temperature (°C), daily mean relative humidity (%), and daily total precipitation (mm) for each day of 2021 measured at the weather
station. Vertical lines represent water and tree sampling events. Daily total precipitation is color coded by month (legend in panel B) for the days included in the
mixing model analysis. (B) Cumulative precipitation during 2021 where the time period included in the mixing model analysis is color coded by month and green

vertical lines represent the days of tree stem sampling.

3.3. Stem water isotope ratios

Stem water isotopic values consistently plotted below the LMWL,
indicating tree water uptake of evaporated soil water. Aggregate two-
dimensional isotope values were significantly different across sam-
pling events (p < 0.05; 2-Dimensional Kolmogorov-Smirnov test). Mean
82H values across all trees were —42.5 + 6.3 %o in August and —39.8 %o
+ 6.0 %o in September (Fig. 3). Mean 580 values across all trees were
4.3 + 2.2 %o in August and 3.8 + 1.7 %o in September (Fig. 3). After
applying the evaporation line correction, the stem water isotope values
were not significantly different across sampling events (p > 0.05). Mean
evaporation line corrected 52H values across all trees were —70.2 + 6.2
%o in August and —69.9 %o + 5.5 %o in September (Fig. 3 inset). Mean
5180 values across all trees were —8.2 4 1.0 %o in August and —8.1 +
0.9 %o in September (Fig. 3 inset). Aggregate isotope LCys values were
not significantly different across sampling events (p > 0.05), indicating
uptake of water exposed to a similar amount of evaporation for both
sampling events. The mean LCy, of water extracted from trees sampled in
August was —88.2 (6 = 39.5) and —81.7 (¢ = 29.5) in September.

3.4. Water source partitioning

Gelman-Rubin convergence diagnostics (Gelman and Rubin, 1992)
confirmed MCMC model convergence for all Bayesian multisource
mixing models used to estimate water source partitioning for each stem
sample and sampling date. Example model inputs, including the
reconstructed distribution of the source mixture inferred from evapo-
ration lines, and model outputs for a tree sample collected from plot WB
in August are provided in Fig. 5.

For the water extracted from tree stems collected in August 2021,
precipitation was estimated to be the primary source of the water
mixture, accounting for 72.6 + 4.6 % of root water uptake (Fig. 6). The
model estimated 8.6 + 1.2 %, 9.0 + 1.8 %, and 10.1 + 2.0 %

contributions from groundwater, irrigation, and wastewater, respec-
tively; all of which are smaller than the model prior distribution
assuming 16.7 % uptake from each source. Trees sampled in August
primarily utilized rainwater from July, which experienced more rainfall
in one month than the 30-year average seasonal rainfall for the entire
summer season (JJA), with an average contribution of 52.2 % of stem
water across stems and up to 80.2 % of water extracted from tree stems.
Precipitation was the primary source of all 27 trees sampled in August,
with 22 trees predominantly using rainwater from July and 5 trees
predominantly using rainwater from August.

For the water extracted from tree stems collected in September,
precipitation was also estimated to be the primary source of the water
mixture, accounting for 65.6 £+ 6.2 % of root water uptake (Fig. 5). The
model estimated 13.4 4+ 2.8 %, 9.7 + 1.7 %, and 11.3 &+ 2.1 % contri-
butions from groundwater, irrigation, and wastewater, respectively; all
of which are smaller than the model prior distribution assuming 16.7 %
uptake from each source. Again, trees primarily utilized water from the
extremely rainy month of July, with an average contribution of 42.1 %
of stem water across stems and up to 84.0 % of water extracted from tree
stems, however, we observe evidence of a small shift towards use of
recent rainfall. Precipitation was the primary source of all 31 trees
sampled in September, with 23 trees predominantly using rainwater
from July and 8 trees predominantly using rainwater from August.

We found similar estimates of proportional street tree uptake from
precipitation when conducting the mixing model analysis with the
deuterium correction and weighted prior distribution (Table SI 1). For
the water extracted from tree stems collected in August 2021, we esti-
mated mean proportional uptake from precipitation to be 67.2 + 4.4 %
when applying the deuterium correction and 79.0 + 2.7 % when using a
non-corrected weighted prior distribution (describing 70 % uptake from
precipitation weighted by month according to monthly cumulative
precipitation, and 10 % uptake from each potential source of ground-
water, irrigation, and wastewater). For the water extracted from tree
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stems collected in September 2021, we estimated mean proportional
uptake from precipitation to be 62.5 + 4.9 % when applying the
deuterium correction and 75.9 + 4.0 % when using a non-corrected
weighted prior distribution. For both August and September, the esti-
mates derived from the mixing model with an equal uptake prior dis-
tribution and no deuterium correction fall between the estimates
derived from mixing models with deuterium corrections and mixing
models with weighted prior distributions. Thus, while all three mixing
model variants identify precipitation as the dominant source of street
tree root uptake, we report a range of values estimating the magnitude of
proportional street tree water uptake attributed to precipitation.

The identification of precipitation as the dominant water source of
street trees in August and September 2021 is consistent with the
extremely negative LCy values observed across trees, indicating uptake
of evaporated soil water. We found no relationship between tree size or
growth rate (DBH and annual DBH increment, respectively) and vari-
ability in proportional uptake across sources (p > 0.05). We found a
significant relationship between LCys and proportion of water uptake
from the most recent sampled precipitation event prior to stem sam-
pling, providing evidence that shallower rooted trees may utilize
shallow soil water from recent rain events more than older, deeper soil
water from previous storms. LCys may be a suitable proxy for under-
standing the depth at which plant roots uptake water where lower LCy
values indicate more evaporation of source water and are typically
found at shallower depths (Sprenger et al., 2017). The mean LCqs of stem
samples collected in August was —82.0 (¢ = 37.9) for trees that pre-
dominantly utilized older July rainfall and —103.5 (¢ = 31.5) for trees
that predominantly utilized recent August rainfall. The mean LCys of
stem samples collected in September was —79.7 (¢ = 27.9) for trees that
predominantly utilized July rainfall and —105.8 (¢ = 23.1) for trees that
predominantly utilized recent September rainfall.

We observed consistent proportional uptake across all six plots
(Fig. 7), with precipitation being the primary water source for all street
trees we examined. Differences in average tree size and localized
impervious surface area did not significantly relate to variation in the
proportion of precipitation taken up by trees across field plots (p >
0.05).

3.5. Proximity of trees to sewer lines and groundwater

The mean tree distance to the nearest sewer line ranged from 0.4 m
(plot ID = ME) to 36.6 m (plot ID = MA; SI Table 2) across plots, with a
median distance of 5.4 m across all sampled trees. Mean proportional
wastewater uptake during the sampling period was significantly higher
(p < 0.05) for the field plot with the shortest mean tree distance to sewer
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lines (plot ID = ME, p = 15.7 %, 6 = 6.5 %). The other five plots did not
significantly differ in their proportional wastewater uptake (p > 0.05).
The mean groundwater depth during the sampling period ranged from
1.0 m (plot ID = SH) to 3.7 m (plot ID = ME; SI Table 2), with a median
depth of 3.5 m across all plots. Mean proportional groundwater uptake
did not differ significantly across plots (p > 0.05).

3.6. Evapotranspiration modeling

Annual ET during 2021 in the model domains corresponding to the
six field plots ranged from 256 mm yr~* to 575 mm yr~ ! with an average
value of 397 mm yr’1 (6 =133 mm yr’l) across all plots. Mean annual
ET rates in the model domains were approximately 66.1 % to 77.8 % of
the 30-year Massachusetts statewide annual ET rates (510-600 mm
yr~%; Sanford and Selnick, 2013). Canopy cover within the model do-
mains ranged from 19.2 % to 32.0 % with an average value of 24.7 % (¢
= 5.1 %) across all plots (Fig. 8; University of Vermont Spatial Analysis
Laboratory, 2020) which is less than half of the Massachusetts statewide
canopy cover (57.7 %; United States Department of Agriculture Forest
Service, 2019).

The fraction of precipitation lost to ET in the model domains ranged
from 13.7 % to 35.3 % during August and September with an average
value of 22.0 % (c = 9.0 %) and was significantly correlated with the
canopy cover within each model domain (R? = 0.91; p = 0.003; Fig. 8).
We estimate an increase in precipitation lost to ET as 2 % for each unit
increase in the percent canopy cover during August and September
(Fig. 8), with a similar, significant positive relationship (R? = 0.89; p =
0.005) observed for the entire year (slope = 0.01, intercept = —0.16; SI
Fig. 2). The mean annual proportion of precipitation lost to ET in the
model domains was approximately 44.8 % to 55.0 % of the 30-year
average proportion of precipitation lost to ET across the state of Mas-
sachusetts (49 %, Sanford and Selnick, 2013).

4. Discussion

In this study, we found that in the mesic City of Boston, street trees
confined to tree pits predominantly use water from precipitation, rather
than irrigation, groundwater, and wastewater, during a significantly
wetter than average growing season. Our findings build upon those of
previous studies quantifying urban tree water sourcing in semiarid
ecosystems and water sourcing by trees planted in open green spaces by
focusing on street trees in a city that regularly receives abundant pre-
cipitation. Urban trees located in drier environments have been shown
to primarily utilize water from irrigation, with small contributions from
precipitation (Bijoor et al., 2012; Gomez-Navarro et al., 2019). Urban
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Fig. 7. (A) Mean proportional tree water uptake among trees sampled in August across plots. (B) Mean proportional tree water uptake among trees sampled in
September across plots. Error bars in both panels represent 95 % confidence intervals. ‘ALL’ designates the mean of all trees sampled in the respective month.
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trees located in open green spaces and botanical gardens that are not
confined to tree pits and planters have been shown to primarily utilize
water from groundwater and deep soil layers (Bijoor et al., 2012; Marx
et al., 2022). Here we show that despite compacted and limited soil
volume inside of street tree pits and high impervious surface area frac-
tions surrounding street tree pits, trees are able to access infiltrated
storm water, with important management implications for greening
initiatives that aim to expand and protect tree cover in highly paved
urban areas potentially threatened by drought in a changing climate.
Significant, positive relationships between canopy cover and ET, com-
bined with the identification of water from precipitation as the primary
source of street tree ET, provide support for the storm water mitigation
benefits of canopy expansion initiatives.

4.1. Street trees and precipitation

All potential tree water sources identified and sampled in this study
plotted along the LMWL, however, water extracted from tree stem
samples plotted below the LMWL indicating tree uptake of source water
mixtures that experienced evaporative fractionation. Source water
evaporation prior to tree uptake is captured by extremely negative LCys
values, which suggest root uptake from upper soil layers and support the
mixing model outputs characterizing soil water originating from pre-
cipitation as the dominant tree water source. While we did not sample
soil water from tree pits due to logistical infeasibility, the tree stem
water isotope values reported in this study are consistent with the
evaporatively enriched urban soil isotope values reported in Bijoor et al.
(2012), which also fall well below the LMWL along a soil evaporation
line. Stem water isotope values would be expected to plot closer to the
LMWL if tree roots were tapping into belowground pipes or groundwater
for their primary water needs. While we find limited evidence of sup-
plemental water utilization from wastewater in trees with a close
proximity to sewer lines, we find soil water primarily composed of
evaporatively enriched precipitation water to be the primary water
source for street trees. The Bayesian mixing model outputs suggest that
storm water is adequately being captured, retained within tree pits, and
made available to tree roots, even in tree pits characterized by 100%
impervious surface area within a 10-meter radius (Table 1). Note that
urban impervious surfaces regularly include brick pavers with spacing
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and cracks in the pavement that provide avenues for infiltration beyond
stemflow and direct runoff into tree pits. Furthermore, our ET analysis
supports the storm water mitigation benefits of tree planting initiatives
as we observe a significant positive relationship between canopy cover
and the proportion of precipitation lost to ET, pointing to increased
citywide canopy cover as a potential way to reduce alternative avenues
of precipitation loss such as runoff.

Over 50 % of land area in Boston is covered by buildings, roads, or
other paved surfaces (Smith et al., 2023), expediting surface runoff to
storm drains and water bodies, while reducing the amount of water
made available to vegetation. Our results demonstrate that trees and tree
pits can capture and direct some fraction of precipitation into soil res-
ervoirs accessible by tree roots. Branches and leaves composing street
tree crowns likely intercepted rainwater as it fell and directed the water
towards the bole which accommodated stemflow down to the base of the
tree, where storm water was able to enter the soil via infiltration. Studies
quantifying storm water interception by deciduous broadleaf street trees
report interception rates of 14-25 % of rainfall on the tree canopy (Xiao
et al., 2000; Xiao and McPherson, 2011). Urban deciduous broadleaf
stemflow rates of up to 22.8 % of rainfall on the tree canopy have been
observed (Carlyle-Moses and Schooling, 2015), highlighting a key
pathway for capturing rainwater for subsequent root uptake. Open
grown trees, such as those sampled in this study, tend to have larger
crown volumes due to a lack of competition for sunlight (Smith, 1996)
and therefore can intercept more rainwater on a per tree basis than trees
in rural woodland settings (Asadian and Weiler, 2009).

In addition to intercepting storm water in the tree canopy and
directing captured water to the tree base via stemflow, tree roots are
able to increase the infiltration and percolation capacity of soils through
their rooting structure and transpiration, potentially contributing to the
high precipitation utilization observed in this study. Urban soils are
generally more compacted than rural soils in order to provide enough
stability to support structures, roads, and pavement, leading to reduced
infiltration rates (Gregory et al., 2006) from the compaction of macro-
pores that could otherwise store and conduct water (Scheyer and Hipple,
2005). Tree roots within urban soils generate channels that promote
infiltration of storm water. Bartens et al. (2008) found compacted soils
with tree roots increased infiltration rates by 63 % relative to control
soils exposed to compaction without tree roots. Armson et al. (2013)
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found street trees to be effective in reducing surface runoff as trees and
their associated tree pits surrounded by asphalt reduced runoff by as
much as 62 % relative to 100 % asphalt surfaces, which the authors
attributed to increased infiltration of soils within the tree pits. Through
transpiration, tree roots increase soil pore space by removing water from
soil pores, thus allowing space for subsequent storm water to infiltrate
soil and fill vacated pores (Kuehler et al., 2017). Furthermore, anthro-
pogenic manipulation of tree pits can encourage storm water runoff
infiltration into urban soils. For example, the City of Boston's Complete
Streets Guidelines (2013) for street tree pits advise installers to “pitch
the sidewalk toward the tree pit to use storm water for irrigation,”
representing another potential mechanism for the availability of pre-
cipitation for street trees within tree pits.

Altogether, our data provide evidence for the storm water mitigation
function of street trees as they utilize water from precipitation and their
canopy cover is associated with increases in the proportion of precipi-
tation lost to ET. However, our observations are limited to an excep-
tionally rainy growing season, posing questions for street tree water use
under drier conditions.

4.2. Considerations regarding anomalous rainfall

The annual cumulative rainfall in Boston during 2021 was in the
86th percentile for the city dating back to 1936 (National Center for
Environmental Information, 2023b), indicating that our study was
conducted during a much wetter than average summer and year. While
we did not measure soil moisture in this study, the high frequency of
rainfall combined with several large rain events likely resulted in rela-
tively high soil moisture levels, increased soil water potential (Bréda
etal., 1995), and likely resulted in an energetically inexpensive pathway
for shallow street tree roots to take up infiltrated rainwater throughout
the growing season. Between the sample period of June 1-September 14,
precipitation was recorded on 50 out of 106 days, including 14
consecutive days between June 30 and July 13. The longest period
without rainfall lasted for only eight days between August 11 and
August 18. In our analysis, we used monthly isotopic means and stan-
dard deviations from two precipitation samples per month to capture
variability in soil water inputs originating from precipitation. Addi-
tionally, we consider precipitation from multiple months as potential
tree water sources to consider root uptake of soil water mixtures that
may be composed of both recent and previous rain events. Schiitt et al.
(2022) found the most important predictor of soil water potential within
street tree pits of Hamburg, Germany was the 10-day rainfall sum, where
rewetting events during an extraordinarily wet year resulted in soil
water availability above a critical threshold defining the point at which
stomatal closure from water stress would occur. In contrast, during dry
years, soil water availability fell below the critical threshold for several
months. Thus, it is possible that tree water source utilization might differ
from the observations in this study during dry periods.

Water availability and drought can impose a strong control on
rooting profiles and depth of root water uptake, and therefore may in-
fluence the sources from which street trees acquire water under dry
growing conditions. In the semiarid climate of New Mexico, United
States, Pinus edulis shifted from shallow water sources replenished by
rainfall towards deeper sources in response to a drier than average
summer (Grossiord et al., 2017). In the Mediterranean climate of Fon-
taine de Vaucluse, France, Abies alba, Fagus sylvatica, and Quercus ilex all
utilized deep water sources more intensively during drier years (Carriere
et al., 2020). In the mesic climate of New Hampshire, United States, Acer
rubrum shifted from utilization of shallow soil water sources (0-10 cm)
early in the growing season to deeper soil water sources (90-100 cm)
late in the growing season corresponding to shifts in soil water avail-
ability over the growing season (Harrison et al., 2020). While our results
point to uptake of shallow soil water replenished by regular rainfall, it
remains unclear which deeper water sources may be available for street
trees under conditions that preclude shallow soil water uptake. We note

11

Science of the Total Environment 908 (2024) 168411

that estimated groundwater utilization increased from 8.6 + 1.2 % to
13.4 + 2.8 % between August and September, potentially relating to
reductions in precipitation rates during August and September relative
to the exceptionally rainy month of July.

4.3. Management implications

Our findings that street trees in a mesic city take up most of their
water from precipitation and that canopy cover correlates strongly with
ET highlight important considerations for cities managing their green
infrastructure in a changing climate. The increased ET associated with
increases in canopy cover demonstrates the value of management stra-
tegies that incorporate tree planting to expand canopy cover. Increases
in transpiration result in a higher provision of cooling benefits through
latent heat flux and a greater loss of precipitation to ET when the source
water for transpiration is primarily from precipitation, given that urban
trees have sufficient water resources to support their water demand. The
use of green infrastructure to mitigate stormwater often focuses on
larger scale solutions such as bioretention areas, permeable pavements,
and green roofs. The results described here support street tree canopy
expansion as an additional solution towards stormwater mitigation,
with numerous co-benefits for urban communities.

In mesic cities that currently rely on precipitation to meet the water
demand of their street tree population, our results show that in wet years
trees are likely to meet their needs for water without irrigation. The City
of Boston currently provides irrigation for newly planted street trees (of
approximately 5 cm DBH) every two weeks during the growing season
for two years (City of Boston, 2022b). After two years, the trees are no
longer provided with regular irrigation by the City, potentially
contributing to the observed street tree mortality rate in Boston of 3.1 %
yr~ ! (Smith et al., 2019).

Mean annual temperature and precipitation in the northeastern
United States are projected to increase through the end of the twenty-
first century (Picard et al., 2023). Despite projected increases in total
annual precipitation trends, warmer temperatures may shorten the
timeframe of drought-induced tree mortality such that under warmer
conditions, droughts of shorter duration may be sufficient to cause
widespread die-off (Adams et al., 2009), exacerbating the impact of dry
years on tree health in a warmer climate. Although the trees sampled in
this study experienced the highest amount of growing season (April —
October) precipitation dating back to 1936 (1056.1 mm, Fig. 9),
growing season rainfall during the following year (2022) was in the 5th
percentile of historical growing season precipitation rates at 379.5 mm
(Fig. 9), which is lower than the mean annual evaporative demand
estimated in this study (397.3 mm yr~!). Therefore, during dry years,
the proportion of precipitation lost to ET may reflect typical trends
observed in arid and semiarid ecosystems, where ET consumes nearly all
precipitation. Future research in regions like the northeastern United
States investigating street tree water sources during years where evap-
orative demand exceeds precipitation will help to elucidate whether
irrigation of mature trees or other water retention strategies may be
required to sustain street tree health.

Alternative management strategies to promote water access by tree
roots include mulching and additional herbaceous plant cover.
Compared to bare soil, soil moisture levels in upper soil layers are
observed to be higher after mulch application (Wang et al., 2021) or
concurrent planting of herbaceous plants (Rafi and Kazemi, 2021).
Moreover, passive irrigation of street trees through harvesting and
redirecting of storm water towards tree pits can accelerate tree growth
and facilitate runoff reduction benefits of urban greenspace (Thom et al.,
2022). Altogether, we provide evidence to suggest that while street tree
water availability in arid and semiarid cities is known to require sup-
plementation via anthropogenic irrigation, mesic cities that currently
rely on adequate annual precipitation for irrigation should consider
alternative water management strategies in order to support sustained
benefits from street trees during prolonged dry periods.
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Fig. 9. Histogram of historical growing season (April — October) precipitation
in Boston between 1936 and 2022. The blue line shows the value for the
extremely wet year of 2021 and the red line shows the values for the relatively
dry year of 2022.

4.4. Potential limitations of water source partitioning

The street tree water sources investigated here have plausible path-
ways for tree root access and uptake, however, without knowledge of the
vertical and horizontal rooting structure of sampled trees, we cannot
verify the extent to which each source was available for each individual
tree. Street trees that utilized water from sources not considered here
represent an unaccounted-for source of uncertainty in the analysis. We
justify the inclusion of these potential urban water sources in the anal-
ysis as Acer platanoides has a shallow, invasive rooting system that is
known to expand beyond the confines of tree pits (Gilman and Watson,
2014). Despite the shallow rooting of Acer platanoides, the anthropo-
genic barriers around street trees may force roots to grow at greater
depths (Mullaney et al., 2015) with other Acer spp. rooting depths
observed to be >2 m in natural ecosystems (Haag et al., 1989).

The potential for water uptake from wastewater sources was assessed
by estimating the horizontal distance from street tree boles to the
nearest sewer line, however, the individual sewer line depth is un-
known, precluding our ability to confirm root access. Sewer mains in
Boston are located a minimum of 2.3 m below the ground surface with
connections to buildings located at the bottom of building foundations
(approximately equal to the Boston City Base Datum of 1.72 m below the
surface) through downward sloping pipes to the sewer main (Boston
Water and Sewer Commission, 2016). Wastewater is assumed to be a
potential water source as root intrusion in sewer systems is a well-
documented phenomenon. Rolf and Stal (1994) found up to 14 root
intrusions per km in sewer lines of Malmo, Sweden and Cameron et al.
(2017) found up to 80 % of sewer blockages across Sydney, Australia
attributable to tree root intrusion. Future research may incorporate
additional methods, such as the use of CCTV data, to validate the
occurrence of sewer line root infiltration by sampled trees.

Groundwater sources represent the deepest potential water source,
with a mean depth of 3.1 m across plots, and may not be accessible to
shallow rooted trees sampled in this study. This could lead to potential
overestimation of street tree groundwater utilization. Urban trees have
been demonstrated to utilize groundwater sources (Bijoor et al., 2012;
Marx et al., 2022), although the potential for utilization from street trees
remains unclear.
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None of the trees included in this analysis are irrigated by the City of
Boston. During sampling, evidence of potential pathways for irrigation
application via sprinklers and hoses were observed in adjacent resi-
dential yards.

Altogether, the water sources included in this analysis are potentially
accessible by street trees. The prior assumption that all sources are
available for each tree does limit the interpretation of the water source
partitioning analysis by potentially estimating source water contribu-
tions from sources that were absent in the water mixture taken up by
street trees. Furthermore, our analysis is dependent on water source
sampling methods that are representative of all potential water sources.
We quantified monthly variability in the isotopic composition of pre-
cipitation by using monthly means and standard deviations of two rain
events per month as source inputs in the Bayesian mixing model analysis
but did not collect samples from all rain events during the study period.
Rain events contributing to soil water isotopic composition that were not
sampled, or water sources accessible by tree roots other than precipi-
tation, irrigation, groundwater, and wastewater, represent an
unaccounted-for source of uncertainty in the analysis. Additionally, the
short time series of tree stem water extractions limits our ability to es-
timate variability in water source utilization over time, particularly
during prolonged dry periods.

The Bayesian modeling approach utilized in this study has been
demonstrated to accurately identify primary sources within a mixture,
with the constraint that estimated proportional uptake from non-
primary sources cannot be zero (Litmanen et al., 2020; Guerrero and
Rogers, 2020). Therefore, low proportional source attribution may also
indicate the absence of a source within the water mixture. We report a
range of proportional uptake from precipitation (62.5-79.0 %) by
repeating the analysis for a range of prior distributions. The residual
estimates of irrigation, wastewater, and groundwater contributions may
indicate the absence of one or more sources in the water mixture,
limiting interpretation of the magnitude of non-primary water source
utilization.

5. Conclusions

Our results show that in contrast to the findings of previous work in
arid and semiarid, irrigated urban ecosystems, street trees in a mesic city
that does not provide regular irrigation predominantly utilized water
from precipitation during a wet year. The observed utilization of pre-
cipitation from street trees in tree pits supports the tree planting benefits
of runoff reduction via soil infiltration and a higher fraction of precip-
itation lost to the atmosphere via ET with increasing canopy cover,
however, the dependency of street trees on precipitation may reduce
their drought resilience. This study highlights a need for future research
on street tree water source partitioning in mesic cities during dry con-
ditions as cities work to efficiently manage their water resources, while
simultaneously maximizing the benefits of the urban forest in a changing
climate.
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