Urban Ecosyst
DOI 10.1007/s11252-011-0196-1

Water sources of urban trees in the Los Angeles
metropolitan area

Neeta S. Bijoor - Heather R. McCarthy -
Dachun Zhang - Diane E. Pataki

© Springer Science+Business Media, LLC 2011

Abstract In semi-arid cities, urban trees are often irrigated, but may also utilize natural
water sources such as groundwater. Consequently, the sources of water for urban tree
transpiration may be uncertain, complicating efforts to efficiently manage water resources.
We used a novel approach based on stable isotopes to determine tree water sources in the
Los Angeles basin, where we hypothesized that trees would rely on irrigation water in the
soil rather than develop deep roots to tap into groundwater. We evaluated the oxygen (5'%0)
and hydrogen (8D) isotope ratios of xylem water, irrigation water, soil water, and
groundwater in a study of temporal patterns in water sources at two urban sites, and a study
of spatial patterns at nine urban sites and one “natural” riparian forest. Contrary to our
hypothesis, we found that despite frequent irrigation, some trees tap into groundwater,
although in most species this was a small water source. Some trees appeared to be using
very shallow soil water at <30 cm depth, suggesting that these mature urban trees were
quite shallowly rooted. In the natural site, trees appeared to be using urban runoff in
addition to shallow soil water. We were able to identify tree uptake of precipitation at only 3
sites. The results show that some irrigated trees utilize groundwater and do not rely solely
on irrigation water, which may make them able to withstand drought and/or water
conservation measures. However, some irrigated trees may develop very shallow root
systems, which may make them more susceptible.
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Introduction

Trees are widely planted in urban areas for many reasons, including atmospheric cooling,
carbon sequestration, and air pollution removal (Akbari 2002; McPherson et al. 2005;
Mueller and Day 2005; Nowak and Dwyer 2007; Nowak et al. 20006), as well as aesthetics.
In arid and semi-arid areas such as southern California, trees are usually irrigated and
therefore utilize water resources, which already may be scarce. It is important to understand
sources of water to urban trees to assist in managing these resources. If trees primarily
utilize irrigation water for transpiration, they may be susceptible to reductions in irrigation
in response to water conservation measures. If trees rely heavily on rainwater, they may be
susceptible to drought. On the other hand, if urban trees rely primarily on groundwater,
changes in irrigation management may have fewer impacts on urban tree performance.
While 14-30% of municipal water consumption is used outdoors for irrigation in California
(Gleick et al. 2003), only a few studies have explored the water use of urban trees (Bush et
al. 2008; Wang et al. 2008; McCarthy and Pataki 2010; Pataki et al. 2011), and we are not
aware of previous studies that identified specific sources of transpiration.

Plant access to groundwater depends on rooting depth, which can be positively
correlated with aboveground plant size (Canadell et al. 1996; Schenk and Jackson 2005). In
unirrigated natural ecosystems and plantations, plant type, climate, and soil variables can
explain as much as 50% of rooting depth, which increases with aridity (Schenk and Jackson
2002). In urban areas, rooting depth may depend on both available soil volume and
irrigation frequency. In well-watered soils, urban trees may be expected to develop shallow
roots in order to capture irrigation inputs. In addition, urban tree rooting depth may be
limited by restricted soil volumes or compacted soils (Day and Bassuk 1994; Gilman et al.
1987; Grabosky and Gilman 2004). Soils near asphalt, concrete, and other structures may
physically limit root growth. In addition, soils in urban areas can be both unintentionally
and intentionally compacted to sustain the weight of pavement or other structures,
inhibiting root penetration. Thus, urban tree rooting depth and consequently groundwater
use may depend on species, management practices, or the environmental and physical
variables at a particular site.

Stable isotopes of oxygen and hydrogen (6'®0 and §D) are commonly used to study tree
water sources in a variety of ecosystems (Dawson et al. 2002; Renée Brooks et al. 2009).
Because there is assumed to be no isotopic fractionation during uptake of soil water by non-
xerophytic and non-halophytic plant roots (Ellsworth and Williams 2007), stem water
represents a mixture of the isotopic composition of most plant water sources. By
understanding the isotopic composition of possible sources or “endmembers,” it is possible
to identify and partition the sources using measurements of the isotopic composition of
stem water, provided that sources are isotopically distinct.

In this study, we measured the isotopic composition of possible tree water sources at
several sites in the Los Angeles basin. These included irrigation water, rain water, and
groundwater (tap water was also measured for comparison with irrigation water). We also
measured both the temporal and spatial variability of soil water and stem water of urban
trees from several horticultural settings. These measurements were used to address the
questions: (1) What are the isotopic compositions of possible source waters to urban trees
(irrigation water, rain water, and groundwater), and how do they vary temporally and
spatially? (2) Is soil water comprised of evaporated irrigation water? (3) If groundwater is
isotopically distinct from soil water, what is the proportion of groundwater use relative to
soil water use, and how does this vary spatially, and among species? (4) Do tree water
sources change over time, particularly in response to precipitation events? We hypothesized
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that the isotopic composition of irrigation would change very little over time, and that soil
water would consist of evaporated irrigation water. We also hypothesized that trees would
rely on soil water rather than groundwater due to frequent irrigation, which would likely
result in shallow rooting depths. Finally, we hypothesized that the isotopic composition of
tree stem water would not change over time, except in response to large precipitation
events. In determining the proportional use of soil water relative to groundwater, we applied
a novel isotope approach to infer the average isotopic value of soil water taken up in
transpiration. The results of this study can inform urban forest planning and management as
well as a general understanding of the ecohydrology of irrigated, semi-arid cities.

Methods

This study was conducted at multiple sites throughout the Los Angeles (LA) Basin in
California, USA. The Basin is a sediment-filled coastal plain bounded by mountain
ranges. It has a Mediterranean climate, with rainfall occurring primarily in the winter
and spring months. During the study period (2005-2008), the average annual
temperature was 16.8+£0.13°C and precipitation was 27.9+£17 cm (www.cimis.water.ca.
gov, Irvine station #75). The Basin is highly urbanized, with a population over 16,000,000
in the Los Angeles Riverside-Orange County consolidated metropolitan area, according to
the 2000 U.S. census.

The study sites measured in this study are summarized in Table 1. Several have been
studied previously by McCarthy and Pataki (2010) and Pataki et al. (2011), who measured
tree water use with constant heat sap flux sensors. In the present study, we examined
water sources of the same trees measured in the previous studies. Therefore, for some
species and sites, information about plant water use and water relations is available. For
each species at a particular site, we selected 5 individuals per species for isotopic analysis,
except where noted.

Our study consisted of two parts: The first was repeated sampling of two groups of trees
on the campus of University of California (UC), Irvine to assess temporal patterns of water
isotopes in 2005-2006. The second consisted of sampling at multiple sites throughout the
LA Basin in 2007-2008 to assess spatial variability. We sampled 5 sites per year in 2007
and 2008 (10 total sites), which spanned a large coastal-inland gradient and differed in
management.

In the first study of temporal dynamics, the two study sites were designated “UCI-1" and
“UCI-2.” At UCI-1, we studied red river gum (Eucalyptus camaldulensis Dehnh.), stone
pine (Pinus pinea L.), Canary Island pine (Pinus canariensis C. Sm.), New Zealand
Christmas tree (Metrosideros excelsa), and flax leaf paperbark (Melaleuca linariifolia Sm.).
At UCI-2, we studied Norfolk Island pine (Araucaria heterophylla (Salisb.) Franco), stone
pine (Pinus pinea L.), and jacaranda (Jacaranda mimosifolia D. Don). The trees were
planted on an understory of primarily turfgrass, with some ice plant (Carpobrotus chilensis
(Molina) N.E. Br) and ivy (Hedera helix L.). At UCI-1 and UCI-2, we sampled 3
individuals per species.

In 2007, we measured five sites including a site at the UC Irvine campus, where we
measured Canary Island pine (Pinus canariensis C. Sm.) and California sycamore
(Platanus racemosa Nutt.). At this site, which we refer to as “UCI 2007,” trees were
planted on an understory of turfgrass, ice plant, and ivy. This site is referred to as the
“Irrigated” site by McCarthy and Pataki (2010) and “Campus” by Pataki et al. (2011).
Another site consisted of street trees growing in a narrow strip of soil along a sidewalk in
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Table 1 Table of characteristics for nine urban sites and one natural site, an unmanaged riparian forest,
measured in this study

Site name Year sampled Urban/ Irrigation Species studied Coordinates
natural
UCI 2007 2007 Urban  Yes Canary Island pine 33.65 N,
(Pinus canariensis C. Sm) 117.85 W
California sycamore
(Platanus racemosa Nutt.)
Street Trees 2007 Urban No London planetree 34.07 N,
(Platanus hybrida Brot.) 118.34 W
California sycamore
LA Zoo Irrigated 2007 Urban  Yes silk floss 34.15 N,
(Chorisia speciosa A. St.-Hil.) 11829 W
jacaranda
(Jacaranda mimosifolia D. Don)
LA Zoo Non-irrigated 2007 Urban No Canary Island pine 34.15 N,
laurel sumac 11829 W
(Malosma laurina (Nutt.)
Nutt. ex Abrams)
Natural 2007 Natural No London planetree 33.62 N,
coastal live oak 117.56 W
(Quercus agrifolia Née)
UCI 2008 2008 Urban  Yes redwood 33.65N,
(Sequoia sempervirens 117.85 W
(Lamb. ex D. Don) Endl.,)
LA Police Academy 2008 Urban  Yes Chinese elm 34.08 N,
(Ulmus parvifolia Jacq.) 118.24 W
Canary Island pine
redwood
Fullerton Arboretum 2008 Urban Yes redwood 33.89 N,
117.88 W
LA Arboretum Site SA 2008 Urban  Yes jacaranda 34.14 N,
crape myrtle 118.06 W
(Lagerstroemia indica L.)
honeylocust
(Gleditsia triacanthos L.)
goldenrain
(Koelreuteria paniculata Laxm.)
laurel fig
(Ficus microcarpa L. f)
LA Arboretum Site A 2008 Urban  Yes kurrajong 34.15 N,
(Brachychiton discolor FJ. Muell) 118.05 W

lacebark

(Brachychiton populneus
(Schott & Endl.) R. Br,)
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Los Angeles, referred to as “Street Trees” by this study, McCarthy and Pataki (2010), and
Pataki et al. (2011). At this site, we measured three individuals of California sycamore and
four London planetree (Platanus hybrida Brot.). Although these species are related and
may hybridize (Rhymer and Simberloff 1996), they were treated separately as their sap flux
rates differed (Pataki et al. 2011). These trees were not directly irrigated or fertilized,
although they likely received irrigation runoff from adjacent lawns and gardens. Two other
sites were located adjacent to each other at the Los Angeles Zoo and Botanical Garden. We
measured Canary Island pine and laurel sumac (Malosma laurina (Nutt.) Nutt. ex Abrams)
in an unirrigated site with an herbaceous understory, called “LA Zoo Non-Irrigated.” We
measured jacaranda (Jacaranda mimosifolia D. don) and silk floss (Chorisia speciosa A.
St.-Hil.) in the adjacent site which did received irrigation, called “LA Zoo Irrigated.” These
sites are considered together by Pataki et al. (2011) and are called “Los Angeles Zoo.” We
studied one non-urban site to serve as a comparison to the urban sites. This site, called
“Natural,” was located in a riparian forest in Starr Ranch Sanctuary, a 4000-acre National
Audubon Society preserve located in the foothills of the Santa Ana Mountains, with urban
commercial and residential development on its western border. Trees at this site were
naturally established (not planted), and received no irrigation, fertilization, or other
management, in contrast to the urban sites.

In 2008, we measured another set of five sites for additional spatial sampling. One site
was located at the Los Angeles Police Academy, where a mature urban forest and rock
garden has been managed as a public garden since 1935. Measurements at this “LA Police
Academy” site were conducted on Canary Island pine, Chinese elm (Ulmus parvifolia
Jacq.), and redwood (Sequoia sempervirens (Lamb. ex D. Don) Endl.). A variety of shrubs
and herbaceous plants were found in the understory. Two additional sites were located at the
Los Angeles County Arboretum and Botanic Garden in Arcadia, California. This botanical
garden and urban park is jointly managed by the Los Angeles Arboretum Foundation and
the Los Angeles County Department of Parks and Recreation. We called a section of this
garden where trees originated from Australia, “LA Arboretum Site A” and a section where
trees originated from South America, “LA Arboretum Site SA,” as by Pataki et al. (2011).
Although Site SA was located in the South American section, it contained some species
from other regions. At Site A, we measured lacebark (Brachychiton discolor F.J. Muell) and
kurrajong (Brachychiton populneus (Schott & Endl.) R. Br). At Site SA, we measured
crape myrtle (Lagerstroemia indica L.), goldenrain (Koelreuteria paniculata Laxm.), laurel
fig (Ficus microcarpa L. f.), jacaranda (Jacaranda mimosifolia D. Don.), and honeylocust
(Gleditsia triacanthos L.). These sites did not contain an understory, and there were several
trees of similar or other species present in the plots. At UC Irvine, we selected another site,
“UCI 2008,” where we focused our measurements on a stand of redwood trees. There was
no understory present at this site although there were individuals of California sycamore
and eucalyptus present nearby. We conducted additional measurements of redwoods at
Fullerton Arboretum at California State University.

Additional information about sites, species, and their water-use can be found in papers
by McCarthy and Pataki (2010) and Pataki et al. (2011).

Stem, soil, irrigation, and runoff sampling
At each sampling event, we collected a small, woody non-green stem (xylem) sample about
5 cm long and 3-9 mm in diameter, from 3-5 individuals of each species. Stems were

quickly shaved to eliminate the possibility of evaporatively enriched water near the bark.
Soil cores were sampled with a 5 cm corer (AMS Inc., American Falls, Idaho). Irrigation
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samples were collected directly from sprinklers found at sites. At the Natural site, we also
collected water from puddles of runoff found at the site during sampling events. Stem, soil,
irrigation, and runoff samples were immediately placed in airtight vials, sealed with
parafilm, and stored frozen. Prior to isotopic analysis, water was extracted from stems and
soils using cryogenic vacuum distillation (West et al. 2006).

In the temporal study on the UC Irvine campus in 2005-2006, stems were collected once
during fall, winter and spring. Soils were collected closely following stem sampling events.
In the fall, soils were collected at 3—6 cm, 17-20 c¢m, and 29-32 c¢cm (#=3) and in winter
and spring at 17-20 cm (n=5). Irrigation samples were collected from sprinklers at each site
on 28 Nov 2005 and weekly or fortnightly following Feb 2006. Tap water was also taken on
a weekly basis for comparison with irrigation water.

In the spatial study during 2007-2008, soils were sampled in three locations per site,
and were taken from 0-10 cm and 20-30 cm depth, except at the two LA Zoo sites
where soils were sampled from 0-10 cm and 10-20 cm, and the Fullerton Arboretum,
where soils were sampled at 0-10 cm, 10-20 cm, and 20-30 cm. Irrigation samples
from sprinklers installed at all sites were collected 1 or 2 times during the collection
period for the stems. For the sites sampled in 2007, we collected stems from each
species in Aug, and again on 27 Sept 2007, five days after a 10.66 mm rainfall event
(www.cimis.water.ca.gov, Irvine station #75). Soils at each site were collected approxi-
mately three weeks later, in Oct. For sites sampled in 2008, we collected stems from each
species 2 or 3 times during a period from Aug and Oct. Soils were collected in Oct, on the
last collection day for stems.

Rain and groundwater sampling

Rainwater was collected from each rainfall event from 1 Dec 2005 to 22 Apr 2006 at the
UC Irvine campus. Samples were funneled into screw cap vials during the rainfall event,
immediately sealed with parafilm, and stored frozen.

Rainwater was collected during the 20-22 Sept 2007 rainfall event in mineral oil-capped
beakers which were inserted in the soil at the UCI 2007, Street Trees, Irrigated LA Zoo,
Non-irrigated LA Zoo, and Natural sites. No later than one day following rainfall, rainwater
samples were decanted to remove oil, stored in screw cap vials, sealed with parafilm, and
stored frozen.

Groundwater sampling was conducted at two canal locations in Orange County (33.69
N, 117.82 Wand 33.71 N, 117.80 W) in Nov of 2007 and 2008. At these times, canal water
levels were very low, and exposed canal walls were leaking groundwater through small
orifices or “weepholes.” We withdrew water from these weepholes using a syringe, and
after discarding the first 5 withdrawals, we injected the water into vials. Groundwater was
similarly collected from weepholes along the Los Angeles river (34.06 N, 118.23 W).
Groundwater from the Natural site was sampled from a large on-site groundwater well on 2
Nov 2007. The well was actively pumped as it was a source of tap water at the site. All
groundwater samples were collected in screw cap vials, sealed with parafilm, and frozen
until analysis.

Isotope analysis
All water samples were analyzed for oxygen and hydrogen isotope ratios (5'*0 and 5D)

using a thermal conversion elemental analyzer (TC EA, Thermofinnigan, San Jose, CA)
coupled to an Isotope Ratio Mass Spectrometer (Delta Plus XP, Thermofinnigan, San Jose,
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CA) following Gehre et al. 2004. Oxygen and hydrogen isotope measurements were
expressed in common & notation. §'*0 and 8D was referenced to V-SMOW with a precision
of 0.23%o and 1.1%0 (SD), respectively.

Statistical analyses

Statistical analyses were performed on SAS 9.1.3 software (SAS Institute Inc., Cary, NC).
Repeated measures analyses of variance (ANOVA) was conducted for time-series of stem
water isotope values using the General Linear Model for Analysis of Variance. Post-hoc
tests were conducted using the Tukey Standardized Range Test. Two-sided t-tests were
performed using Excel 2003 (Microsoft Corp., Redmond, WA) to compare between the
isotopic compositions of species and soil depths at a particular site. When there were more
than two species at a site, analyses of variance (ANOVA) were performed to compare stem
water isotope values of various species using the General Linear Model for Analysis of
Variance. For all statistical analyses, P<0.05 was considered significant, and P<0.1 was
considered marginally significant.

Determination of water sources

We constructed least squares linear regressions of the isotopic composition of soil water
(evaporation lines) measured at 0-30 cm to determine whether the source of soil water was
primarily evaporated irrigation water (Gat and Matsui 1991; Gat 1996). The initial isotopic
composition of unevaporated water, evaporated water, and the remaining enriched fraction
form “evaporation lines” (Gat 1996) that have been used previously to determine water
sources (e.g., Ortega-Guerrero et al. 1997; Corbin et al. 2005).

Water in the unsaturated zone of the soil may become isotopically enriched relative to
groundwater due to evaporative losses to the atmosphere (Brunel et al. 1995; Busch et al.
1992). Evaporative enrichment in §'®0 and §D of water typically decreases with depth
from the unsaturated soils at the surface to the saturated zone below where liquid transport
dominates (Allison 1982; Allison and Hughes 1983). We assumed that the soil evaporation
line we constructed using measurements in the top 0—30 cm was representative of the entire
soil profile, although we did not measure soil deeper than 30 cm. To establish the soil water
source, we determined whether the isotopic composition of irrigation fell within the
standard error (SE) of the soil evaporation line. For example, Fig. 3(a) shows a soil
evaporation line and irrigation water value for the UCI-1 site on 25 Oct 2005. Since the
isotopic composition of irrigation water falls within the standard error of the soil
evaporation line, we would conclude that soil water is comprised of evaporated irrigation
water in this case.

To calculate tree water sources, stem water was considered to be a mixture of two
possible endmembers: groundwater and soil water. To determine the proportion of
transpiration from groundwater, we determined the linear equation of the mixing line
between groundwater and soil water, represented by the distance between soil and
groundwater, or Dy, as shown for the LA Police Academy site in Fig. 4(a). We then
calculated the intersection of the mixing line and the soil evaporation line and assumed
that this point reflects the average isotopic value of soil water taken up in transpiration
(Fig. 4a). This value was used to calculate the proportion of groundwater present in stem
water using the equation from Thorburn and Walker (1993), which is the ratio of the
distance between stem water and soil water (Dg.) to the distance between groundwater
and soil water (Dy_).
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Results
Irrigation, groundwater, and rainwater

The isotopic composition of irrigation samples fell within 0.47+0.38%o (SD) for 5'%0 and
3.6+2.9%o for 8D of the California meteoric water line (MWL) reported by Kendall and
Coplen (2001) (Fig. 1). Irrigation water measured at the LA Police Academy deviated from
this line more than other sites, and fell to the right by 1.1£0.6%o for 56'%0 and 8.8+4.8%o
for oD. Irrigation water at UC Irvine was initially isotopically similar to tapwater, but
increased by ~2%o between Mar 2006 and Jul 2006 (Fig. 2a, P<0.0001) and ~20%o for 6D
(not shown, P<0.0001). Tapwater declined ~2%o between Jun 2005 and Jan 2006 (Fig. 2a,
P<0.0001) and ~24%o for 8D (not shown, P<0.0001). The isotopic enrichment in 5'%0 of
irrigation waters varied spatially as follows: LA Arboretum > UCI 2007, LA Zoo, UCI
2008, Fullerton Arboretum > Street Trees > LA Police Academy (Fig. 2b, P<0.05). The
isotopic composition of irrigation at the LA Arboretum was enriched relative to the LA
Police Academy by 3.54+0.08%o for 5'%0 (Fig. 2b) and 39.742.4%0 for 8D (not shown).
However, the isotopic composition of irrigation at the LA Arboretum was similar to
groundwater (Fig. 2b). At the other study sites, 'O of irrigation water was isotopically
depleted relative to groundwater (Fig. 2a, b).

Groundwater samples fell within 0.27+0.23 in §'%0 and 2.1+1.8 in 8D of the statewide
meteoric water line (Fig. 1). Groundwaters collected at the urban sites in 2007 and 2008 did
not differ from one another in §'*0 or §D (Table 2, P>0.1). Groundwaters at the Natural
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o ©
o
-40
(m]
[4=]
Irrigation water
Groundwater
-60 Soil water
Stem water
Rain water
CA meteoric water line
-80 [Kendall and Coplen 2001]
Local meteoric water line
+1SE

8'%0
Fig. 1 The isotopic composition (5'%0 and D) of all irrigation, groundwater, soil water, stem water, and

rainwater samples taken in this study. A linear regression through the rainwater isotopes (local meteoric water
line) is shown with SE. The California meteoric water line by Kendall and Coplen (2001) is also shown
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Fig. 2 a Time-series of 5'%0 of rain, irrigation, and tap water at UC Irvine in 2005-2006. b Average §'%0 of
rain, irrigation, and runoff water with SE collected at sites throughout the Los Angeles Basin in 2007-2008.
Groundwater collected from urban areas on two occasions in Nov of 2007 and 2008 is shown as a bar with SE

site were slightly enriched relative to groundwaters collected at urban sites by 0.9+0.2%o
5'%0 and 11.5+2.1%0 5D (Table 2, P<0.0001).

A linear regression through rainwater samples formed a local meteoric water line
(LMWL) for our study region and fell to the left of the statewide MWL by 1.0+0.5 §'%0
and 8.2+4.1 5D (Fig. 1). 5'®0 of rain water was highly variable both temporally (Fig. 2a)
and spatially (Fig. 2b), but was almost always enriched relative to groundwater and
irrigation water. The pattern of dD was similar (not shown). There was no strong seasonal
trend in the isotopic composition of UC Irvine rain water, but there was temporal variability
in rain events of up to 9.0%o for 5'%0 and 53.7%o for §D. In the study of spatial variability,
the largest isotopic difference among sites was the enrichment of LA Zoo rainwater relative
to UCI 2007 rainwater during the 2022 Sept 2007 rain event by 4.4+0.6%o for 5'*0 and
33.0£3.5%o for 0D (Fig. 2b).

The isotopic composition of soil water

All soil water isotopes in this study fell to the right of the LMWL, indicating evaporatively enriched
water (Fig. 1). The isotopic composition of soil water formed linear relationships between §'%0
and 8D (soil evaporation lines) at each site (P<0.05) except UCI-1 on 10 Feb 2006 and LA Zoo
Irrigated (Fig. 3, 4, 5 and 6). At UCI 2008 and Street Trees, the isotopic composition of shallow
soil water (0—10 cm) was enriched relative to deeper soil (10-20 cm or 20-30 cm) (P<0.05)

Table 2 5'%0 and 5D of groundwater with SD

Location Year collected 5'%0 5D

Urban sites 2007 —6.8+0.2 -47.6+1.5
Urban sites 2008 —6.9+0.2 —46.6+2.1
Natural site 2008 -5.9+0.2 —35.5+0.7
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Fig. 3 Average 5'%0 and 8D with SE of stem waters and soil waters collected at UC Irvine sites UCI-1 (a—c)
and UCI-2 (d—f) in 2005-2006. The sampling on 17 Apr 2006 occurred 3 days following a large rainfall
event (13.5 mm, www.cimis.water.ca.gov, Irvine station #75). Linear regressions of soil water isotopes (soil
evaporation lines) are shown with SE, with n=3 at each soil depth in Oct 2005, and n=5 at the 17-20 cm soil
depth in Feb 2006 and Apr 2006. Groundwater collected from urban areas is shown with SE. Irrigation water
collected on site is shown with SE

Fig. 4 Average 5'%0 and D with SE of stem water at the LA Police Academy, Fullerton Arboretum, LA P>
Arboretum Site A and SA sites. Groundwater and irrigation averages of 8'%0 and 8D with SE are also
depicted. Linear regressions of soil water isotopes (soil evaporation lines) are shown with SE (n=3 at each
soil depth). The distance between soil and groundwater is shown by a dotted line (Ds.,), and the distance
between soil and stem water is a gray line (D). The intersection point of the soil evaporation line and Dg_, is
indicated by a star. Note Fig. differ in scale
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Fig. 5 Average 5'%0 and 8D with SE of stem water at the UCI 2007, UCI 2008, Street Trees, LA Zoo Non-
irrigated, and Natural sites. Groundwater and irrigation averages of 5'%0 and 6D with SE are also depicted. At
the non-irrigated sites (e—d), the isotopic composition of irrigation water from an adjacent location is shown. At
the Natural site (e), the isotopic composition of runoff water found at the site is shown. Linear regressions of
soil water isotopes (soil evaporation lines) are shown with SE (n=3 at each soil depth). Note Fig. differ in scale

(Fig. 5b, ¢). At UCI 2007 and the Natural site, the isotopic composition of shallow soil water was
marginally enriched relative to deeper soil (P<0.1) (Fig. 5a, ¢). At LA Zoo Non-irrigated, 0D of
shallow soil water was significantly enriched relative to deeper soil (P=0.042), and 5'0O of
shallow soil water was marginally enriched (P=0.085) (Fig. 5d). At other sites, there were no
significant differences in the isotopic composition of soil water between depths.

In the temporal study at UCI-1 and UCI-2 in 2005-2006, ANCOVAs of 5D with 5'%0 as
the covariate tested for differences in the intercepts of soil evaporation lines during the
different seasons. The results showed that soil water at both sites became enriched as a
result of spring rainfall (Fig. 3c, f). Winter UCI-1 10 Feb 2006 soil water was excluded
from the analysis due to lack of linearity.

The isotopic composition of irrigation water was within the SE of the soil evaporation
lines at the UCI-1 and UCI-2 on all dates (Fig. 3), and at the UCI 2007 and UCI 2008 sites
(Fig. 5a, b). However, this was not the case at the other irrigated sites (Fig. 4, 5c—¢). At the
two non-irrigated urban sites, Street Trees and LA Zoo Non-irrigated, the isotopic
composition of irrigation from adjacent locations did not fall within the SE of the soil
evaporation lines (Fig. 5c, d), The isotopic composition of runoff did not fall within the SE
of the soil evaporation lines at the Natural site (Fig. 5Se).

The isotopic composition of stem water

There was no change in the isotopic composition of stem waters collected during a rainless
2-3 month period in late summer/fall for any species or site in 2008 (Table 3) (P>0.1).
Thus, stem waters collected during these months were averaged for each species in Figs. 4
and 5. There were species differences in stem water isotope ratios at some sites. At the
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Fig. 6 Isotopic composition of stem waters at the LA Zoo Irrigated site before and after rainfall events on 20-22
Sept 2007 totaling 10.66 mm. Following rainfall, silk floss became enriched in 5'*0 (P=0.024) and jacaranda
became enriched in both 5'*0 (P=0.031) and 5D (P=0.0093). Arrows show the direction of movement in the
stem water isotopes following rainfall. Groundwater and irrigation averages of §'%0 and 8D with SE are also
depicted. Soil water isotopes are shown. Soil waters at this site did not form a linear relationship
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Table 3 5'%0 of stem water for sites sampled in 2008 with SE. There was no isotopic difference between
stem waters of species collected in different months (P>0.05)

Site Species Aug Sept Oct

UCIT 2008 redwood —6.6+1.5 —5.8+£0.3

LA Police Academy Chinese elm -7.2+0.4 —6.9+£0.3
Canary Island pine -8.2+0.3 —7.8+0.4
redwood —6.4x1.4 —5.0£1.0

Fullerton Arboretum redwood —5.9+0.4 —5.6+0.6 -5.3+1.0

LA Arboretum Site SA jacaranda —5.1£0.3 —4.9+0.5
crape myrtle -5.24+0.3 —4.7+0.4
goldenrain -5.4+0.5 -5.0+1.4
honeylocust -5.2+0.4 —4.8+0.6
laurel fig -5.6+0.6 —5.6+0.1

LA Arboretum Site A kurrajong =5.1£0.1 —5.6+0.1
lacebark -5.3+0.4 —5.7+0.6

UCI-1 site, flax leaf paperbark was enriched in 6D above Canary Island pine and New
Zealand Christmas tree in fall (Oct 2005) (P=0.023) (Fig. 3a), marginally above all other
species in winter (Feb 2006) (P=0.065) (Fig. 3b), and above New Zealand Christmas tree
and red river gum in spring (Apr 2006) (P=0.014) (Fig. 3c). There were no differences in
5'%0 of stem waters among species at the UCI-1 site. At the UCI-2 site, there were no
differences in isotopic composition among species in fall (Oct 2005) and winter (Feb 2006)
(Fig. 3a, b), although stem water of jacaranda became more enriched than other species
following rainfall (Fig. 3c). At the LA Police Academy, stem water of redwoods was
isotopically enriched in §'%0 and 8D relative to Chinese elm and Canary Island pine (P<
0.0001), which did not differ from each other (Fig. 4a). In the Natural site, California
sycamore was enriched relative to coastal live oak in 56'0 (P=0.034) and 5D (P=0.039)
(Fig. 5e). At the remaining sites (Figs. 4b, ¢, d and 5a, b, c, d), there were no differences in
the isotopic composition of stem waters among species.

Stem water isotope ratios of several species appeared to be affected by rain events. Three
days following a large rainfall event (13.5 mm, www.cimis.water.ca.gov, Irvine station #75)
on 17 Apr 2006, all species at the UCI-1 site became enriched in §'*0 (P=0.0029) and 5D
(P=0.0004) (Fig. 4). There were no large rainfall events (>6.4 mm) for more than three
weeks prior to the other sampling times. The isotopic composition of irrigation did not
change during the stem sampling period (Fig. 3a) (P>0.05). At the UCI-2 site, stem waters
in jacaranda became isotopically enriched relative to other species following spring rainfall
in 5'%0 (P=0.013) and marginally in D (P=0.080), while stem water of the other species
did not change (P>0.05) (Fig. 5).

Isotopic enrichment following rainfall was also observed in two irrigated species, silk
floss and jacaranda, at the LA Zoo Irrigated site, five days following rainfall events totaling
10.66 mm from 2022 Sept 2007 (Fig. 6). Silk floss became enriched in 5'*0 (P=0.024)
and jacaranda became enriched in both 5'30 (P=0.031) and 8D (P=0.0093). The isotopic
composition of stem water at the other sites (UCI 2007, Street Trees, LA Zoo Non-irrigated,
Natural) did not follow this pattern of enrichment in 6D or 5'80 (not shown). Thus, stem
waters collected before and after rainfall were averaged for species at these sites in Fig. 5.
Notably, stem water isotopic composition at the Non-irrigated LA Zoo site, which was
directly adjacent to the Irrigated LA Zoo site, did not become enriched following rainfall.
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Tree water sources

We estimated tree water sources with two-source or three-source mixing models,
depending on the site and the possible number of water sources. The resulting estimated
proportions of groundwater use relative to soil water are shown in Table 4. Most of these
calculations used a two-source mixing model, but at the Natural site, there were three
possible water sources (groundwater, runoff, and soil water). Therefore we used the dual
isotope, three-source mixing model approach of Phillips and Gregg (2001) and
determined that 24+11% and 10+30% of tree water use was from groundwater in
California sycamore and coastal live oak, respectively (Table 4). Groundwater use was as
high as 90% in species at the LA Arboretum Site A site. It was not possible to estimate
water sources at the UCI 2008 and Street Trees sites because groundwater and soil water
were not isotopically distinct, that is, groundwater fell within the SE of the soil
evaporation line (Fig. 5b, c¢). At UCI-1 and UCI-2 (Fig. 3), UCI 2007 (Fig. 5a), Street
Trees and LA Zoo Non-irrigated (Fig. 5d), and the Natural site (Fig. 5¢), stem water fell
to the right of both groundwater and the soil evaporation line, indicating that species at
these sites were either using an additional source of water which was not measured, or
that stem water was isotopically enriched due to stem evaporation or mixing with leaf
water.

Discussion
The isotopic composition of source waters

Irrigation values fell close (within 0.47+0.38 5'*0 and 3.6+2.9 6D, Fig. 1) to the
California MWL reported by Kendall and Coplen (2001), which was constructed using

Table 4 Percentages of groundwater use relative to soil water use for species with SE. The proportion of
groundwater in stem water was calculated based on Thorburn and Walker (1993). At the Natural site, a three-
source mixing model between groundwater, soil water (0-30 cm depth), and runoff water at the site was used
to calculate the proportion of groundwater use

Site Species Groundwater use (%) (Avg + SE)
LA Police Academy Chinese elm 4+5%
Canary Island pine 24+4%
redwood 18+6%
Fullerton Arboretum redwood 0£7%
LA Arborteum Site SA jacaranda 32+14%
crape myrtle 0+14%
honeylocust 0+9%
goldenrain 5£25%
laurel fig 55+18%
LA Arboretum Site A lacebark 84+9%
kurrajong 90+10%
Natural California sycamore 24+11%
coastal live oak 10+30%
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samples of California river waters, because irrigation is primarily derived from the same
snowmelt waters which flow into California rivers. The similarity of measured irrigation to
the MWL indicates relatively little evaporation from these sources. Deviations from the
California MWL (Fig. 1) may occur because water imports are used to supplement local
sources of groundwater during portions of the year (DWR 2003). Measured groundwater
values were typically isotopically enriched relative to irrigation water (Fig. 2a, b). In the
case of the Los Angeles Arboretum, the isotopic composition of irrigation water was similar
to groundwater for 5'%0 (Fig. 2b) and 8D (not shown).

In general, plant water sources were isotopically distinct at most sites, although there
was temporal variability. We found changes in the isotopic composition of irrigation water
over time, in contrast with our hypothesis (Fig. 2a). We are not aware of other studies that
have explored long-term trends in the isotopic composition of irrigation waters. At UC
Irvine, the source of irrigation water is recycled wastewater that has undergone tertiary
treatment. Therefore, the difference between the isotopic composition of irrigation water
and tap water at UC Irvine (Fig. 2a) may be due to time lags in the reclamation process, and
to evaporative enrichment during treatment. The trends in the isotopic composition of
irrigation may also reveal variations in urban water imports or management of tap water. A
previous study of sources to Orange County aquifers showed that water imported from the
Colorado River aqueduct is highly depleted relative to native Santa Ana river recharge and
local rainfall (Williams 1997). Thus, declines or increases in the isotopic value of tap water
may represent increasing or decreasing influence of imported water from the Colorado
River and other snowmelt sources. The average isotopic composition of tapwater at UC
Irvine (—9.9+0.5 5'%0 and —76.9+5.4 §D) was similar to that reported by Bowen et al.
(2007) for Fullerton, California (=9.7+0.2 §'®0 and —77+2 §D).

The proximity of groundwater samples to the MWL reported by Kendall and Coplen (2001)
(Fig. 1; 0.27+0.23%o for 56'%0 and 2.11.8%o for §D), indicates that these waters were not
subject to evaporation, and are consistent with high-elevation snowmelt as shown by Williams
(1997). Groundwater collected in the urban area was similar over time from 2007-2008
(Table 2, p>0.05), and the spatial variability was very small: only 0.2%o for 5'0 and 2.0%o
for 6D (SD). However, Natural site groundwaters were slightly enriched relative to
groundwaters collected in the urban areas by 0.9+£0.2%o 5'%0 and 11.5+2.1%o 5D (Table 2,
P<0.0001). Because the urban areas are highly irrigated, they may have some infiltration of
irrigation to groundwater, resulting in isotopic depletion relative to natural sites.

The isotopic composition of rainwater was highly variable both temporally (Fig. 2a) and
spatially (Fig. 2b) as reported previously (Clark and Fritz 1997; Dansgaard 1964). Data
from southern California have shown typical inverse correlations of 5D and §'°0 with
increasing latitude, altitude, and distance from coast (Williams and Rodoni 1997). The
isotopic composition of rainwater was typically enriched relative to groundwater, irrigation,
and tap water (Fig. 2a, b). Because tap water is derived from high-elevation snowmelt water
sources, it is reasonable to expect that it would be isotopically depleted relative to local
precipitation (Bowen et al. 2007).

The isotopic composition of soil water is generally considered to be influenced by
rainwater which has subsequently experienced isotopic enrichment by evaporation (Tang
and Feng 2001). In this study of urban soils, irrigation waters were also a large input of
water to surface soils. Although we were not able to quantify the volume of irrigation input
into the soil, the study region has a Mediterranean climate with little summer precipitation,
and irrigation inputs were the primary water source during this period. The isotopic
composition of soil water formed linear relationships between 5'%0 and 8D at all sites
except UCI-1 on 10 Feb 2006 and LA Zoo Irrigated (Figs. 3b, 6). At the UCI-1 and UCI-2
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sites (Fig. 3) and the UCI 2007 and UCI 2008 sites (Fig. 5a, b), our results were consistent
with evaporated irrigation water as the primary water source. However, at the other irrigated
urban sites (Fig. 4a—d), the soil evaporation lines were depleted relative to irrigation water.
This indicates that there is a source of water to these soils that was not measured. One
possibility is urban runoff water; the isotopic composition of runoff (—11.1 §'%0, —94.1%o
OD) collected in a storm drain near the LA Police Academy was more negative than
irrigation (—10.7 §'%0, —86.7%o 5D). Runoff water may be derived from irrigation waters
from other sites, tap water, or wastewater.

At the non-irrigated sites (Street Trees, LA Zoo Non-Irrigated, and Natural), the soil
evaporation line fell above the value for irrigation water from nearby locations or runoff
(Fig. 5c—e), suggesting that the source of water to the soil was more enriched than irrigation
water. This is likely because rainwater, which tends to be enriched relative to irrigation
water, plays a more important role in non-irrigated soils.

Tree water sources

Several assumptions were made for the calculations of tree groundwater use in this study. It
is known that surface soils can become isotopically enriched due to evaporation, and that a
linear relationship can be formed between 5'%0 and 6D of evaporated soil water (Allison
and Hughes 1983; Brunel et al. 1995). We measured the isotopic composition of surface soil
(<30 cm depth), and assumed that if there was soil water below 30 cm subject to
evaporation, then the §'%0 and 6D would follow the same linear relationship. We also
assumed that the primary sources of stem water were evaporatively enriched soil water and
groundwater, and that the isotopic enrichment found in stem water was solely due to uptake
soil water, rather than stem evaporation or mixing with leaf water. At some sites this
assumption was violated, and tree water source attribution was not possible. At UCI-1 and
UCI-2 (Fig. 3), UCI 2007 (Fig. 5a), Street Trees (Fig. 5c) and LA Zoo Non-irrigated
(Fig. 5d), and the Natural site (Fig. Se), stem waters fell to the right of both groundwater
and the soil evaporation line, indicating that species at these sites were either using an
additional source of water which was not measured, or that stem water was isotopically
enriched due to stem evaporation or mixing with leaf water.

This study suggests that urban trees, at least in some locations, tap into groundwater in
addition to soil water derived from evaporated irrigation and other surface water inputs such
as rainwater (Table 4), contrary to our hypothesis. As much as 90% of tree water use was
derived from groundwater. This will clearly vary spatially depending on rooting and water
table depth. However, trees at all locations in our study appeared to utilize shallow,
evaporated soil water to at least some degree, with some species supplementing shallow
water use with unevaporated groundwater, and some relying almost exclusively on soil
water. Groundwater use constituted a small proportion of total water use at the Fullerton,
Police Academy and Natural sites (Table 4). Fullerton and the LA Police Academy were
irrigated, so low groundwater use may be explained by high moisture availability at the soil
surface. However, the unmanaged Natural site was unirrigated, so a lower proportion of
groundwater use in the fall was unexpected, as surface soil moisture was very low during
this period (McCarthy and Pataki 2010). However, McCarthy and Pataki (2010) showed
reductions in transpiration rates at this riparian site in the fall, indicative of water stress. In
addition, this site appeared to be influenced by urban runoff present in small pools at the
soil surface, which was isotopically depleted relative to both measured groundwater and
soil water (Fig. 5¢). The result of a three-source mixing model (Phillips and Gregg 2001)
showed that 56+8% and 53+20% of tree water use was from surface runoff in California
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sycamore and coastal live oak, respectively. Runoff may have been a source of water for
non-irrigated urban trees as well; at the non-irrigated urban sites, the Street Trees and Non-
Irrigated LA Zoo site, trees appeared to be using a source of water which was not measured
in this study, as the isotopic composition of stem water fell to the right of groundwater and
the soil evaporation lines (Fig. 5c, d).

The highest groundwater use was at the LA Arboretum Site A site (84-90%) (Table 4).
Trees at this site were large and may have been deeply rooted, as rooting depth can be
related to aboveground plant size (Canadell et al. 1996; Schenk and Jackson 2005). This
site was also watered less frequently than the other urban sites (unpublished data).

We determined that when the intersection point of the groundwater-soilwater mixing line
and the soil evaporation line was within the range of the isotopic composition of surface
soil water (<30 cm), then trees were using some proportion of soil water <30 cm. This was
the case for the species at the LA Police Academy, Fullerton Arboretum, LA Arboretum
Site A (Fig. 4a—c), and the laurel fig and jacaranda at Arboretum site SA (Fig. 4d). Thus,
these mature urban trees appeared to be using very shallow soil water (<30 cm). However,
the intersection points were depleted relative to soil water at <30 cm for the crape myrtle,
goldenrain, and honeylocust at the LA Arboretum Site SA, suggesting that all water uptake
occurred below 30 cm (Fig. 4d). These trees appeared to be using a combination of
groundwater and soil below 30 cm depth. At the UCI 2007, Street Trees, LA Zoo Non-
Irrigated, and Natural sites, it was not possible to construct mixing lines between
groundwater and soil water for stem waters, but the isotopic composition of stem waters
were depleted relative to shallow soil water (<30 cm), suggesting that trees were using at
least some proportion of water deeper than 30 cm (Fig. 5a, c, d, e).

There were differences in species water sources within sites (Table 4). At the Natural site,
California sycamore used a greater proportion of groundwater than coastal live oak (24+11%
vs. 10£30%). At the LA Police Academy site, groundwater use varied such that Canary
Island pine > Chinese elm > redwood. Groundwater use may have been related to tree size,
the Canary Island pines at this site were very large, with diameter at breast height (DBH) of
61.6+4.6 cm, compared to 39.4+6.8 cm for redwood and 28.9+2.5 cm for Chinese elm. At
the LA Arboretum Site SA, crape myrtle, honeylocust, and goldenrain used little or no
groundwater, whereas jacaranda and laurel fig used >30% groundwater. This difference was
not explainable by DBH, geographic origin, or climate in area of origin.

The enrichment of some stem waters following rainfall suggests that a few trees utilized
rain water, in support of our hypothesis, though this was not the case for most species or
sites. At the UCI-1 site, all species appeared to be using rainwater (Fig. 3a—c). At the UCI-2
site, there were no differences in isotopic composition among species in fall (Oct 2005) and
winter (Feb 2006), implying similar patterns of water uptake, and only jacaranda showed
evidence of rainwater uptake following rainfall (Fig. 3d—f). At the LA Zoo Irrigated site,
two out of four species became isotopically enriched as a result of rainfall: jacaranda and
silk floss (Fig. 6). Interestingly, we did not find significant use of rainwater at the adjacent
Non-Irrigated LA Zoo site, probably because trees there were more deeply rooted.
Jacaranda at two sites (Irrigated LA Zoo and UCI-2) appeared to be using rainwater,
suggesting that this species may opportunistically take up rainwater with shallow roots.

Conclusions & implications

Based on the uptake of very shallow soil water (<30 cm) by some mature urban trees in
this study, our research reinforces the suggestion that irrigated trees can develop
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shallow root systems, which may make them more susceptible to drought. This study
also supports the hypothesis that some urban trees tap into groundwater to supplement
water received by irrigation, although this is very site- and species-specific. This has
important implications for management of both trees and groundwater: at some sites
supplemental irrigation may not be needed, or may be needed in much smaller
quantities than assumed. Conversely, uptake of groundwater may not be desirable where
water tables are closely managed as a water source. Finally, these results also highlight
the uncertainties in the urban water budget, which can be constrained with measure-
ments of stable isotopes. At some irrigated sites, there appear to be unknown source(s)
of water which are isotopically depleted relative to irrigation water. Similarly, tree water
use at some sites was not explained solely by the isotopic composition of groundwater
and irrigation water. Trees at these sites may be exploiting different sources of water,
perhaps from runoff, storm drains, leaky pipes, or water sources at intermediate soil
depths, which requires further exploration. Stable isotope measurements at these sites
show that the water budgets of these urban forests are not fully understood, and that a
more complete accounting of the water isotope mass balance can improve our
understanding of the ecohydrology of urban landscapes.
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