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Abstract. Effective landscape management practices in urban landscapes must include an
awareness of nutrient removal from soil caused by leaching, and these practices should be
those least damaging to freshwaters. Annual mean dissolved organic carbon (DOC),
dissolved organic nitrogen (DON), nitrate-N, ammonium-N, soluble phosphate, and
bicarbonate concentrations and fluxes were quantified in leachate from landscapes
planted with different urban horticultural types. Plot vegetation consisted of either a
single species or mixed species. The experiment was conducted at two sites in Texas with
significantly different irrigation water chemistry. At the two sites, plant species had
a significant effect on PO4

3--P flux, and irrigation chemistry had a significant effect on all
nutrient fluxes. There was an interaction between plant species and irrigation chemistry
for PO4

3--P flux (P < 0.05) only. The relationship between bicarbonate and DOC flux at
sites was stronger and significant (0.92; P < 0.05) at the site irrigated with Na-HCO3

municipal tap water than at the site irrigated with Ca-HCO3 municipal tap water (R2 =
0.76, P = 0.05). Type of irrigation water chemistry may result in lower plant water uptake
resulting in increased nutrients lost to leachate.

Excessive losses of nitrogen (N), ortho-
phosphate (P), and DOC from soil by leach-
ing is indicative of breaks in their respective
nutrient cycles. Losses of these nutrients are
typically caused by management practices
or natural disturbances in the local environment.
For example, soil disturbance will cause excess
nitrate to move out of the soil matrix because
aerated soil induces nitrification; movement of
excess orthophosphate is generally the result of

overapplication of phosphate fertilizer to a soil
that is already saturated with P and DOC losses
typically occur when manures or biosolids are
applied as fertilizer (Schnell et al., 2010).
Nitrogen and P movement from terrestrial
to aquatic ecosystems may contribute to sur-
face water and estuarine impairment such as
eutrophication (Paerl, 2009). Organic carbon
may also contribute to water quality problems
by increasing biological oxygen demand
in surface waters (Faulkner et al., 2000;
McConnell, 1980), and further it is impli-
cated in the formation of trihalomethanes if
the surface water is removed and chlorinated
for drinking water supply (Siddiqui et al.,
1997).

Effective landscape management practices
in urban landscapes must include an aware-
ness of nutrient removal from soil caused by
leaching. For example, one way of minimiz-
ing groundwater contamination by nitrate is
by maintaining a vigorous turfgrass cover
(Jiang et al., 2000). Landscape plants not
only provide aesthetic appeal and improve
groundwater recharge in urban ecosystems,
but they also reduce soil erosion, which can

impair surface waters (Beard and Green, 1994).
In addition, irrigated, landscaped areas within
the built landscape can increase property values
(Vickers, 2001).

The use of alternative plants in the land-
scape is increasingly being used to reduce
environmental impacts and decrease water
use (City of Albuquerque, 2006; Hipp et al.,
1993; Sacamano and Jones, 1975; Xeriscape
Colorado, 2005). As a way to reduce N leach-
ing, the University of Florida Cooperative
Extension Service initiated an effort in the
1990s to promote alternative landscapes that
included woody and herbaceous plants; this
practice would minimize turfgrass area (Garner
et al., 1996). However, when Erickson et al.
(2001, 2005) examined differences in nitrate
and P leaching related to species composition
during a study in south Florida, they observed
reduced nitrate and P leaching from areas
planted with st. augustinegrass [Stenotaphrum
secundatum (Walt.) Kuntze] compared with
those areas planted with mixed-species orna-
mental plants.

The effect of irrigation water chemistry
on DOC and DON solubility and transport
in an urban context has only received modest
attention (e.g., Aitkenhead-Peterson et al.,
2009, 2011a; Holgate et al., 2011). Aitkenhead-
Peterson et al. (2009) suggested that irrigating
turfgrass in urban open areas with municipal
tap water high in sodium may induce sodic
soil conditions in urban watersheds resulting
in elevated average annual DOC concentra-
tions. Leaching of DOC and DON from soil
under three sedum plant species typically used
for green roofs was in part attributed to irriga-
tion water high in sodium, which, in com-
bination with a moderate to high pH and a
well-buffered soil, likely solubilized humic acids
leading to a high bulk DOC loss (Aitkenhead-
Peterson et al., 2011a). Holgate et al. (2011)
reported minimal losses of DOC, N, and
orthophosphate-P from soils under perennial
ryegrass irrigated with harvested rain water
compared with soils irrigated with municipal
tap or gray water.

Leaching to surface waters tends to be
linked to Jenny’s (1941) soil-forming factors,
which have more recently been coined ‘‘state
factors’’ (Aitkenhead-Peterson et al., 2005,
2011b; Perakis and Hedin, 2007). One of these
state factors is vegetation and its associated
microbes; thus, it could feasibly be expected
that different landscaping vegetation species
may have some control on reducing or in-
creasing leaching such as those differences
reported by Erickson et al. (2001, 2005) for
st. augustinegrass and ornamental landscape
species in Florida.

The major objectives of this study were
to examine 1) which landscape plant species
might reduce carbon (C), N, and P leaching;
and 2) the effect of irrigation water chemis-
try on C, N, and P released to leachate. We
hypothesized that in a managed urban system,
different vegetation types would influence DOC
and DON leaching and that irrigation water
chemistry would contribute to differences in
all nutrient leaching fluxes. We expected
that irrigation water high in sodium rather
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than calcium would increase DOC fluxes
from all vegetation types.

Materials and Methods

Site description. Our study was conducted
at two sites, the Texas A&M University Turf-
grass Field Laboratory in College Station, TX
(CS) and at a site adjacent to the San Antonio
Water System Leon Creek Waste Water Treat-
ment Facility in San Antonio, TX (SA). During
the study period, CS had 972 mm annual
precipitation, 69% ± 10% humidity (Table 1),
and evapotranspiration (ETo) of 1430 mm
(Pannkuk et al., 2010), whereas SA was slightly
drier with an annual precipitation of 870 mm,
67% ± 13% humidity (Table 1) and an ETo of
1522 mm (Pannkuk et al., 2010). Samples of
water used for irrigation were collected from
both sites on several occasions in 2008. Irriga-
tion water for CS was a municipal tap water
derived from 900-m groundwater wells in the
Carrizo-Wilcox aquifer (Aitkenhead-Peterson
et al., 2011b). Irrigation water for SA was a
municipal tap water derived from the Edwards
and Trinity aquifers. The chemistry of the two
irrigation waters was very different; CS water,
a Na-HCO3-type water had high salinity and
sodicity hazards, whereas the SA water had
a Ca-HCO3-type water with a medium salinity
and low sodicity hazard (Table 2). Although
there was no significant difference in climatic
conditions between the two sites although
they were 272 km apart, there were significant
differences in the ion content of the irriga-
tion water, which was likely the result of
groundwater well depth and aquifer geology
(Table 2).

Lysimeter construction. A detailed de-
scription of the lysimeter construction can
be found in Pannkuk et al. (2010). Briefly,
lysimeters were made from 1.136-L oval
stock tanks (R.G. Applegate Steel Co., Saratoga,
IN) that are 2.43 m long · 1.02 m wide · 0.68 m
deep. Tanks were placed in-ground on a
smooth level surface; the tank tops were 5 cm
beneath the surface grade. The space between
the individual lysimeters in the field was 30.5
cm. Tanks were filled with 1 cm diameter
gravel to a depth of 5.1 cm. An evacuation
pipe system was embedded in the gravel
layer to allow vacuum removal of leachate.
The end of each lateral pipe was permanently

capped. Holes (3 mm diameter) were drilled
in the bottom of each lateral line at 10-cm
spacing to allow water to enter the pipes. Soil
used in each of the lysimeters was a sieved
(1.27 cm) Rader fine sandy loam soil series
(fine-loamy, mixed, semiactive, thermic Aquic
Paleustalfs) derived from an unimproved,
unfertilized pasture. Approximately 15 to
20 cm of loose soil was added in lifts and
manually compacted with a hand tamper to
a finished depth of 10 cm. This was repeated
with each lift of soil until lysimeters were
filled to ground level. The soil had a dry
bulk density of 1.52 g�cm–3 (± 0.02 g�cm–3).
Lysimeters for the SA location were built in
CS, transported to SA, and installed in-ground.
A two-zone in-ground automatic irrigation
system was used at each site for lysimeter
irrigation.

Irrigation spray heads (Hunter PGJ Series,
San Marcos, CA) were installed at 3.65-m
triangulated spacing. A water meter was in-
stalled in each zone to allow measurement of
total applied water. Data from weather stations
within 250 m of each site were used to calculate
reference evapotranspiration using the modi-
fied Penman-Monteith equation (FAO, 1998).
Irrigation volume (IV) was adjusted every
2 to 3 weeks to replace 100% of calculated
reference ETo minus rainfall (R) (Eq. 1). Plots
were irrigated with an appropriate irrigation
volume as needed based on ETo minus rainfall
(Fig. 1).

IV = ET� R [1]

Treatments. To examine the effect of
vegetation species on biogeochemical leach-
ing, we selected plant treatments that were
typically used in urban landscaping in our
region. Plant treatments were arranged in
a randomized complete block design with
three replicates for each plant treatment and
were randomly assigned to the lysimeters
within each block. Treatments were: 1) st.
augustinegrass [Stenotaphrum secundatum
(Walt.) Kuntze.] 100% cover; 2) shumard
red oak (Quercus shumardii Buckl.) tree alone
with bare soil; 3) native grasses—little blue-
stem [Schizachyrium scoparium (Michx.)
Nash] and pink muhlygrass [Muhlenbergia
capillaries (Lam.) Trin.]; 4) st. augustinegrass
[Stenotaphrum secundatum (Walt.) Kuntze.]

plus one shumard red oak (Quercus shumardii
Buckl.); 5) native grasses plus one shumard
red oak; and 6) ‘Tifway’ bermudagrass (Cyn-
odon dactylon · C. transvaalensis, Burtt-
Davy) 100% cover.

Treatment 6 was used at the CS site only.
Plant installation occurred on 19 Dec. 2006 and
20 Dec. 2006 for the SA and CS locations,
respectively. To avoid disturbing soil moisture
sensors and their cables in the lysimeters,
container-grown (11.4 L) shumard red oak
trees were planted in the center of the lysim-
eters. Native grasses were spaced equidistant
across the lysimeter. st. augustinegrass and
‘Tifway’ bermudagrass (All Seasons Turf-
grass Inc., Brookshire, TX) treatments were
planted with sod grown on a Katy fine-sandy
loam series (fine-loamy, siliceous, thermic
Aquic Paleudalf). Native treatments received
nine field-grown (3-L root ball) individual
little bluestem and two container-grown (5.7-
L root ball) individual pink muhlygrass. The
tree + native treatment received eight little
bluestems and two pink muhlygrasses.

Site management. St. augustinegrass was
mowed at 5- to 7.6-cm cutting height every
2 to 4 weeks. Mowing heights are typically
higher during the summer months to reduce
plant stress. The bluestem and muhlygrass
(native and tree + native treatments) were
trimmed with handheld clippers to 15 to 18
cm each December. Clippings were returned
to their respective plots. The soil in the st.
augustinegrass treatment was sampled (0- to
15-cm depth) for laboratory analysis twice
during the experimental period and based on
this soil analysis, a balanced fertilizer was
added to all treatments during 2007 and 2008.
Nitrogen at a rate of 48.8 kg�ha–1 and P at
a rate of 17 kg�ha–1 were applied three times
a year. Fertilizer was broadcast uniformly
across plots in all treatments in spring, sum-
mer, and fall. The N source was 50% slow-
release methylene urea. Soil test results for P
were 15 ppm at the beginning of the experi-
ment and 23 ppm in May 2008. Soil organic
matter in May 2008 was 0.78% and 0.52%
in CS and SA, respectively. Although fer-
tilizer requirements are different for differ-
ent vegetation species, we elected to apply the
same balanced fertilizer to all plant treatments
at both sites to avoid confounding nutrient
fluxes.

Azoxystrobin [methyl 2–2-6-(2-cyanophe-
noxy) pyrimidin-4-yloxy-phenyl-3-methoxya-
crylate] fungicide was applied in Mar. 2007 at
9.8 g�m–2 for brown patch (Rhizoctonia solani)
control to all treatments containing turfgrass.
Fipronil {5-amino-1-[2,6-dichloro-4-(trifluoro-
methyl)phenyl]-4-[(1R,S)-(trifluoromethyl)sul-
finyl]-1H-pyrazole-3-carbonitrile} insecticide
was applied at 9.8 g�m–2 in 2007 and 2008

Table 1. Climatic conditions and irrigation inputs at College Station (CS) and San Antionio (SA) during the
leachate collection period of May 2007 to Apr. 2008.

Site
Temperature

(�C)
Humidity

(%)
Wind speed

(mph)
Precipitation

(mm)
Irrigation

(mm)

CS 21 ± 10 69 ± 10 8 ± 3 972 529
SA 21 ± 9 67 ± 13 8 ± 3 870 900

Means ± SD.

Table 2. Concentrations of the major chemical components of irrigation water collected over the course of the study.

Site N pH
EC

(mS�cm–1)

PO4
3--P K+ Ca2+ Mg2+ SO4

2– HCO3
– Na+ SAR

--------------------------------------------------------------- (mg�L–1) ---------------------------------------------------------------

CS 20 a8.4 ± 0.1z 648 ± 35 0.2 ± 0.1 3.0 ± 2.6 a3.0 ± 0.6 a0.4 ± 0.1 a0.6 ± 0.1 a346 ± 31 a206 ± 24.8 a34 ± 5
SA 6 b7.6 ± 0.3 560 ± 14 0.02 ± 0.02 6.1 ± 2.0 b36.8 ± 1.7 b15.7 ± 1.8 b25.1 ± 15.5 b179 ± 11 b18.5 ± 2.2 b0.6 ± 0.1
zAny two means within a row not followed by the same letter are significantly different at P # 0.05.
N = nitrogen; EC = electrical conductivity; SAR = sodium adsorption ratio; CS = College Station, TX; SA = San Antonio, TX.
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for red imported fire ant control in all plots.
All shumard red oak trees received triforine
[N,N-bis-(l formamido-2,2,2-trichloroethyl)-
piperazine] fungicide at budbreak in Mar.
2008 to prevent symptoms of anthracnose. A
1-m perimeter around the block of lysimeters
was treated monthly with glyphosate [2-(phos-
phonomethylamino) acetic acid] herbicide at
both sites.

Leachate was removed from the lysimeters
every 2 to 4 weeks to avoid saturation of the
gravel layer. A 0.75-hp vacuum pump (Gast,
Model 1023 V2G583X) with a tension of 116
mbar at the pump and a 1.5-cm i.d. poly-
ethylene hose was attached to a calibrated
20-L glass carboy. A second polyethylene hose
was attached to the carboy and the leachate
removal line of the lysimeter. At each lysim-
eter, the pump was powered until the lysimeter
stopped yielding leachate (�12 min). Leachate
volume was recorded, and a 200-mL sub-
sample was retained in acid-washed, leachate-
rinsed high-density polyethylene sample bottles.
Samples were frozen until analysis. Leachate
samples were collected from Jan. 2007 through
Aug. 2008. However, to ensure that soil solution
chemistry had reached equilibrium, and to
avoid the disturbance effects of lysimeter
construction, only leachate samples collected
between May 2007 and Apr. 2008 were used
for this study. Not every lysimeter contained
leachate at each sampling event and samples
collected from each plot ranged from n = 1 to
n = 13 at CS and n = 4 to n = 10 at SA.

Chemical analysis. Electrical conductiv-
ity (EC) and pH were measured on unfiltered
samples. Samples for chemical analysis were
filtered through ashed (500 �C for 4 h)
Whatman GF/F (nominal pore size 0.7 mm)
filters. Dissolved organic carbon and total
dissolved N (TDN) were measured with high-
temperature Pt-catalyzed combustion using
a Shimadzu TOC-VCSH and a Shimadzu total
measuring unit (TNM-1). DOC was measured
as non-purgeable carbon using USEPA method
415.1, which entails acidifying (2 N HCl) the

sample and sparging for 4 min with C-free air.
Ammonium-N was analyzed using the phenate
hypochlorite method with sodium nitroprus-
sideenhancement (USEPA method 350.1),
and nitrate-N was analyzed using Cd-Cu re-
duction (USEPA method 353.3). Alkalinity
was quantified using methyl orange (USEPA
method 310.2). Alkalinity was calculated
to be in the form of bicarbonate (AqQA;
Rockware, Golden, CO). Soluble-P was quan-
tified asorthophosphate-P using the ammonium
molybdate method (USEPA 365.1). All color-
imetric methods were performed with a Westco
Scientific Smartchem Discrete Analyzer.
Dissolved organic N is the product of TDN
(NH4

+-N + NO3
–-N). NIST traceable stan-

dards and control standards were run every
12th sample for all analyses. If the percentage
coefficient of variance between replicates was
greater than 5%, the sample was re-analyzed.
Typically, the percent CV of replicate samples
was less than 1% for colorimetric analysis and
less than 5% for DOC and TDN analyses.

Statistical analysis. Because of the sig-
nificant difference in irrigation water chem-
istry but not climatic conditions between the
two sites, irrigation water was considered
a treatment. Hence, the experimental design
included two irrigation water chemistries and
five plant treatments, which were both used
as fixed effects. Our experimental design was
intended to test the hypothesis that irrigation
water chemistry influences nutrient leaching
from urban landscapes. By including grass–
tree combinations and single species, we
also tested the hypothesis that vegetation
type would influence nutrient leaching and
that interaction effects between irrigation
chemistry and landscape vegetation on nutri-
ent leaching would occur.

Concentrations of each nutrient were
tested for normal distribution and were trans-
formed if needed before statistical analysis.
Results are presented as untransformed data.
Nutrient flux for each leachate constituent
analyzed was calculated as the product of

nutrient concentration and volume of leachate.
The flux during each collection was summed
to provide an annual flux per square meter.
One of the lysimeters under the bermudagrass
and native grass treatments produced only one
sample over the year, and one of the lysimeters
under the tree + native treatment produced two
samples over the year; therefore, these were
removed from all analyses to avoid bias on
fluxes and concentrations.

Proc GLM in SAS Version 9.1 (SAS
Institute, 2003) was used for the statistical
analysis of nutrient concentrations and fluxes,
pH, and EC. A Univariate analysis of variance
(ANOVA) with two factors, irrigation and
plant species, was used to determine the effect
of irrigation and plant species factors and
interactions between factors on leachate nu-
trient concentrations and fluxes. For each in-
dividual site, a one-way ANOVA was applied
to the leachate nutrient concentrations to test
the effect of plant treatment on nutrient con-
centrations and fluxes followed by a post hoc
Tukey test to determine significant differences
among species. A paired two-tailed sample t
test (assuming equal variance) was applied to
the irrigation data on paired plant species to
test the effect of irrigation water quality on
leachate concentrations and flux. Effects were
considered statistically significant at P # 0.05.
Regression analysis was used on the DOC and
bicarbonate flux data to test prior findings that
DOC and bicarbonate are significantly related.

Results

Mean annual leachate concentrations.
There was a significant effect of irrigation
water chemistry on leachate volume, pH, EC,
and all nutrient concentrations with the ex-
ception of DOC, ammonium, and bicarbonate
(Table 3). We also observed a significant
effect of plant species on pH, EC, nitrate-N,
orthophosphate-P, and the DON:TDN ratio
(Table 3). An interaction between irrigation
and plant species on leachate volume, DOC,
nitrate-N, orthophosphate-P, bicarbonate con-
centrations, and the DOC:DON ratio was also
observed (Table 3).

Effect of plant treatment on leachate
chemistry. Within each sites, plant treatment
had no significant effect on pH, EC, DOC,
NH4

+-N, PO4
3–-P or HCO3

– concentrations
but had a significant effect on DON and
NO3

–-N concentrations at CS (Table 4). At
CS, mean annual DON concentration was
significantly higher under the tree + native
treatment compared with the bermudagrass
treatment but was not significantly higher
than the other treatments. Nitrate-N con-
centration was significantly higher in leach-
ate under the tree + native treatment relative
to concentrations leached from the single tree,
bermudagrass, and st. augustinegrass treatments
(Table 4). At the SA site, we observed no effect
of plant species on leachate concentrations.

Effect of irrigation chemistry on leachate
concentrations. All treatments at SA, with the
exception of the native treatment, had signif-
icantly higher pH compared with CS. EC was
significantly higher at CS than at SA in

Fig. 1. Irrigation and precipitation inputs to plots between May 2007 and Apr. 2008.
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leachate under the st. augustinegrass and
tree + st. augustinegrass treatments. Dissolved
organic C concentration was significantly
higher in leachate under the tree treatment
at SA compared with the tree treatment at
CS. Dissolved organic N concentration was
significantly higher under st. augustinegrass at
CS relative to SA (Table 4). The tree treatment
at SA had significantly higher NO3

–-N con-
centration relative to the tree treatment at CS
(Table 4). With the exception of st. augustine-
grass, all plant treatments at SA had signifi-
cantly higher PO4

3–-P concentrations compared
with those found at CS (Table 4).

Leachate volume. Mean annual leachate
volumes collected from under native grass
and tree + native grass were significantly dif-
ferent between CS and SA (Table 4). Mean
annual leachate volume collected from CS
under native grass and tree + native grass
was 17.9 ± 8.4 and 19.1 ± 7.1 L compared
with 11.8 ± 6.0 and 11.6 ± 7.9 L under the
same treatment at SA, respectively (Table 4).

Annual leachate nutrient flux. Many re-
searchers consider that leachate nutrient flux,
rather than concentrations, can give a better
indication of nutrient losses from urban land-
scapes to ground or surface waters. Using
univariate ANOVA with our two factors, we
found that landscape species only had a signif-
icant effect on leachate orthophosphate-P flux
(Table 3). However, irrigation water chemis-
try had a significant effect on all fluxes and the
DOC:DON ratio (Table 3). The only sig-
nificant interaction between irrigation wa-
ter chemistry and landscape species was for
orthophosphate-P flux (Table 3). Nitrate-N,
ammonium-N, and DON fluxes were signif-
icantly higher at CS for the native and st.
augustinegrass plant treatments relative to
native and st. augustinegrass fluxes at SA
(Fig. 2). Vegetative treatment had no signif-
icant effect on DON or bicarbonate flux within
each site. The bicarbonate flux differences by
irrigation were only significant in the st. augus-
tinegrass treatment where the flux was larger in

CS relative to SA. DOC flux was significantly
higher at CS compared with SA under the st.
augustinegrass plant treatment (Fig. 2). SA
had significantly higher orthophosphate-P flux
under the tree + st. augustinegrass and tree
plant treatments (Fig. 3). The orthophosphate-P
flux for the tree treatment was larger than all
other treatments except the tree + st. augustine-
grass treatment (Fig. 3). Vegetation treatments
had no effect on orthophosphate-P flux in CS.
The DON:TDN ratio in this study ranged from
0.12 to 0.17 at SA and from 0.10 to 0.79 in CS.

Relationships between nutrient fluxes. Flux
of DOC was significantly related to bicarbon-
ate flux at CS (R2 = 0.92; P < 0.05; n = 6
treatments) but not at SA (R2 = 0.76; P = 0.05;
n = 5 treatments; Fig. 4). Dissolved organic N,
typically strongly and significantly related
to DOC in undisturbed ecosystems, was also
related at CS (R2 = 0.36; P < 0.05; n = 15 plots)
and SA (R2 = 0.55; P < 0.01; n = 15 plots).
There were no other significant relationships
between fluxes at either CS or SA.

Table 3. Results of univariate analysis of variance with two factors, irrigation and plant species, and the interaction between irrigation water chemistry and plant
species on leachate concentrations and fluxes.z

Concentrations
Leachate
(L�m–2) pH

EC
(S�m–1)

DOC DON NO3
–-N NH4

+-N PO4
3–-P HCO3

– TDN

DOC:DON DON:TDN------------------------------------- (mg�L–1) -------------------------------------

Irrigation <0.001 <0.001 <0.001 0.22 0.04 0.01 0.46 <0.001 0.55 <0.01 0.77 0.26
Species 0.10 0.02 <0.001 0.22 0.08 0.02 0.17 <0.01 0.06 0.03 0.21 <0.01
Irrigation*species <0.05 0.11 0.08 0.01 0.27 0.03 0.99 <0.001 0.02 0.03 0.01 0.9
R2 0.13 0.38 0.30 0.10 0.07 0.11 0.04 0.41 0.10 0.10 0.08 0.09
Adjusted R2 0.09 0.35 0.26 0.06 0.03 0.07 0.01 0.39 0.05 0.06 0.04 0.05

Fluxes L/m2/year ----------------------------------- (mg/m2/year) ----------------------------------

Irrigation <0.01 — — 0.01 <0.001 <0.001 0.02 <0.001 0.02 <0.001 0.03 0.64
Species 0.27 — — 0.37 0.60 0.85 0.23 0.03 0.17 0.82 0.34 0.26
Irrigation*species 0.33 — — 0.24 0.17 0.32 0.57 0.04 0.11 0.26 0.47 0.40
R2 0.53 — — 0.53 0.61 0.6 0.49 0.72 0.57 0.61 0.42 0.38
Adjusted R2 0.29 — — 0.29 0.42 0.4 0.4 0.58 0.35 0.42 0.13 0.07
zBold values show a significant effect from that factor at a < 0.05.
EC = electrical conductivity; DOC = dissolved organic carbon; DON = dissolved organic nitrogen; TDN = total dissolved nitrogen.

Table 4. Annual mean leachate volume, pH, EC, annual nutrient concentrations, and bicarbonate concentrations in leachate collected from College Station and
San Antonio.z

Site Vegetation
No.

(Sample/plots)
Leachate

(L) pH
EC

(S�m–1)

DOC DON NO3
–-N NH4

+-N PO4
3–-P

(mg�L–1)
HCO3

–

(mg�L–1)-------------------- (mg�L–1) --------------------

CS Tree 25/3 15.3 x7.8 0.244 x11.0 ab2.0 xab16.7 0.05 x4.5 101
(8.8) (0.3) (0.043) (3.1) (1.1) (4.2) (0.04) (0.9) (41)

Bermuda 9/2 18.5 8.0 0.265 16.0 a0.9 a0.2 0.00 10.9 132
(6.5) (0.1) (0.079) (1.8) (0.2) (0.0) (0.00) (8.9) (1)

Tree + native 10/2 x19.1 x7.8 0.320 14.5 b9.0 c44.3 0.03 x3.3 99
(7.1) (0.2) (0.056) (1.1) (3.0) (16.8) (0.05) (0.9) (26)

St. augustine 35/3 18.4 x8.3 x0.192 14.5 xab3.5 ab16.0 0.04 x3.7 181
(7.3) (0.0) (0.045) (3.0) (0.9) (2.0) (0.04) (0.4) (50)

Native 16/2 x17.9 8.2 0.254 14.7 ab6.0 bc27.9 0.04 x4.1 x189
(8.4) (0.3) (0.089) (1.4) (3.3) (13.7) (0.04) (0.4) (26)

Tree + st. augustine 27/3 14.9 x8.0 x0.223 14.2 ab4.7 xabc21.4 0.04 x2.5 157
(5.1) (0.1) (0.008) (1.4) (3.1) (6.6) (0.02) (0.6) (6)

SA Tree 27/3 11.6 y8.7 0.216 y16.7 3.9 y27.4 0.08 y12.7 155
(7.1) (0.2) (0.020) (1.4) (1.7) (2.1) (0.06) (3.8) (15)

Tree + native 16/3 y11.6 y8.6 0.182 18.7 4.1 x13.8 0.03 y28.5 168
(7.9) (0.2) (0.107) (8.3) (3.1) (14.0) (0.04) (12.5) (17)

St. augustine 18/3 16.1 y8.8 y0.105 11.6 y1.2 8.0 0.04 y13.4 180
(6.4) (0.1) (0.046) (1.7) (0.9) (6.6) (0.04) (6.7) (42)

Native 13/3 y11.8 8.5 0.195 12.5 3.0 16.6 0.05 y11.6 ya106
(6.0) (0.2) (0.033) (2.1) (0.5) (2.0) (0.02) (0.6) (30)

Tree + st. augustine 20/3 16.8 y8.6 y0.128 14.1 2.0 y9.2 0.05 y17.8 179
(5.1) (0.2) (0.046) (0.1) (1.2) (7.1) (0.01) (4.9) (74)

zSignificant difference between same treatment at the two different sites are indicated with lower case letters (xy). Significant difference among plant treatments
within each site are indicated with lowercase letters (abc). Values in parenthesis are SD.
EC = electrical conductivity; DOC = dissolved organic carbon; DON = dissolved organic nitrogen; CS = College Station, TX; SA = San Antonio, TX.
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Discussion

Typically in an urban landscape with
frequent irrigation, there is the tendency for
solution to run off onto impervious surfaces
and enter storm drains, which discharge di-
rectly to surface waters (Steele et al., 2010).

Solution leached from soils also has the
potential to infiltrate to groundwater or move
laterally to surface waters. There has been
little research on DOC concentrations in soil
solution leached from soil under turfgrass
or runoff in mixed urban landscapes (e.g.,
Holgate et al., 2011; Schnell et al., 2010).

There has, however, been more research ex-
amining N and P leaching from turfgrasses
(e.g., Erickson et al., 2001; Groffman et al.,
2009; Schnell et al., 2010; Vietor et al., 2002)
and mixed landscape species (e.g., Erickson
et al., 1999, 2005, 2008).

Leachate volumes. Increased water volume
at CS relative to SA for the native grass plots
may have been the result of steady precipitation
volumes at CS throughout the year compared
with SA, which received several high-intensity
rain events during the initial months of the
study and much lower volumes during the
latter part of the study year (Fig. 1). For
example, for the periods May 2007 to Aug.
2007, Sept. to Dec. 2007, and Jan. 2008 to
Apr. 2008, precipitation recorded at CS was
368, 301, and 302 mm compared with SA
where values of 720, 67, and 83 mm, respec-
tively, were recorded. A 146-mm event on 16
Aug. 2007 and 78-mm event on 18 June 2007
was recorded at SA, which may have led to
runoff rather than infiltration thereby reducing
actual input volumes at SA and resulting in
lower leachate volumes. However, we would
expect that under this scenario that all plant
treatments would display lower leachate vol-
umes at SA compared with CS and this was not
the case. We do believe however that increased
leachate volume under the native plots at CS
was the result of reduced plant uptake. Exam-
ining the soil moisture data over the period of
the study (Table 5), it was evident that water
use in CS was significantly reduced relative to
SA, particularly for the native + tree plots at CS
for the whole period of the study (Table 5). For
three of the four periods analyzed, water use
was significantly reduced in the native grass
and st. augustinegrass treatments at CS com-
pared with SA (Table 5). Water use was only
significantly different between CS and SA for
the tree treatment during the summer and fall
months where the trees at CS displayed signif-
icantly lower water use (Table 5). Because of
reduced water use in CS relative to SA, we
suggest that the use of high sodium bicarbonate
water may have affected plant water uptake.
High soil sodium generally reduces plant
transpiration and biomass accumulation in
landscape vegetation (Eom et al., 2007) found
differential responses of six herbaceous peren-
nials to soil sodium concentrations, transpira-
tion, and reduced biomass.

Nitrogen and phosphorous. Work by
Erickson et al. (2001, 2005) on turfgrass and
mixed landscape amenity species showed that
inorganic N and total P transport varied by
plant treatment in studies on sand in South
Florida in a long-term study where data reported
represented 16 to 52 months after plant in-
stallation. They reported that N and P leaching
was reduced from st. augustinegrass plots
compared with mixed landscape plots and
suggested that relatively longer establishment
was needed for st. augustinegrass relative to
mixed landscape species. We also found a plant
treatment effect on nitrate and orthophosphate
concentrations and orthophosphate-P flux
among our two Texas sites. The tree treatment
had higher ammonium flux than the native and
tree + native treatments and orthophosphate-P

Fig. 3. Mean annual fluxes of orthophosphate-P. Significant difference (P < 0.05) between the same
treatment at the two different sites are indicated with lower case letters (xy). Significant difference
between plant treatments within each site are indicated with lowercase letters (ab). Error bars are SD.

Fig. 2. Mean annual fluxes of nitrate-N, DON, and DOC at CS and SA. Significant difference (P < 0.05)
between sites are indicated in lower case letters (xy). Error bars are SD. DON = dissolved organic
nitrogen; DOC = dissolved organic carbon; CS = College Station, TX; SA = San Antonio, TX.

Fig. 4. Relationship between fluxes of DOC and bicarbonate at College Station and San Antonio. DOC =
dissolved organic carbon.
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flux was higher in the tree-only treatment
relative to the st. augustinegrass, native, and
tree + native treatments. This suggests that
the dense network of grass roots may have
captured more nutrients than the root system
of the tree alone, thus reducing leachate N and
P. Alternatively, N and P requirements for
the tree plant treatment may have been much
less than that of the grass plant treatments.
Unlike the Erickson et al. (2005) study that
had differing fertilization regimes for st.
augustinegrass and mixed species treatments,
we applied the same fertilizer at the same
frequency and rate to all of our plant treat-
ments. Although our study differed in terms of
time of plant establishment and fertilization,
both studies found reduced N and P leaching
from st. augustinegrass.

Vegetation cannot use organic N with the
exception of some amino acids (Lipson and
Nasholm, 2001; Schimel and Chapin, 1996);
therefore, the organic N undergoes ammo-
nification, which is then available to plants.
Ammonium binds tightly to most soils and
does not typically leach into groundwater
(Gardiner and Miller, 2008). This was well
supported by our study in which no signif-
icant differences in NH4-N concentrations
were observed. Very few studies have exam-
ined DON leaching from soil under turfgrass,
and most that have applied compost or ma-
nure. For example, Cheng et al. (2008) quan-
tified soil solution DON in 28 home lawns
comprised of several cool-season turfgrasses
and presumably several soil series in two Ohio
counties. Over three sampling periods, they
reported that DON concentrations ranged
from 0 to 29.34 mg�L–1. This compares well
with our study in which individual DON
concentrations ranged from 0 to 37.16 mg�L–1.

The ratio of DON:TDN is typically greater
than 0.75 in undisturbed ecosystems, which
generally indicates relatively tight cycling
of N (Aitkenhead-Peterson et al., 2011a).
Why DON:TDN values were so low at SA
(DON:TDN = 0.12 to 0.17) relative to values
at CS (DON:TDN = 0.10 to 0.79) is unknown,
but typically low DON:TDN values suggest
exposure to sewage effluent (Aitkenhead-
Peterson et al., 2009), which is consistent
with the position of the SA plots near a waste-
water treatment facility. DON:TDN ratios of

between 0.22 and 0.35 were reported in
unplanted green roof growth medium and
a failing S. kamtschaticum species, which
was suggested to be indicative of a soil/plant
system unable to use N (Aitkenhead-Peterson
et al., 2011a). The high sodium irrigation
water at CS affected foliar health as deter-
mined by st. augustinegrass biomass produc-
tion of 41.9 Mg�ha–1 at SA and 25.5 Mg�ha–1

at CS (Pannkuk et al., 2010).
Dissolved organic N, a subset of dissolved

organic matter that includes DOC, is often
strongly and significantly related to DOC in
undisturbed ecosystems (Aitkenhead-Peterson
et al., 2003). In our study, we found that DON
fluxes were significantly related to DOC fluxes,
but the variance in DON explained by DOC
was much higher at SA than at CS. This
suggests that there was some decoupling of
DON and DOC at CS, which may have been
induced by irrigation with sodic water.

Carbon. The importance of examining
leachate DOC is to quantify losses of soil
carbon that might otherwise contribute to
soil carbon sequestration. Furthermore, hu-
mic acids leaching to groundwater aquifers
have the potential to form trihalomethanes if
the groundwater is chlorinated for potable
use (Siddiqui et al., 1997). The concentration
of DOC in a soil solution collected by zero
tension and tension lysimeters varies consider-
ably and is dependent on land use (Aitkenhead-
Peterson et al., 2003). Some of our individ-
ual samples yielded DOC concentrations
as high as 327.25 mg�L–1, which were com-
parable to water-extractable DOC concentra-
tions of 326 mg�L–1 reported by Provin et al.
(2008). Our mean annual concentrations ranged
from 11 to 17 mg C�L–1, which is typical for
DOC concentration in mineral soil solution
under a wide range of land uses, including
turfgrass (Aitkenhead-Peterson et al., 2003;
Schnell et al., 2010). Runoff concentrations
from bermudagrass plots with and without
composted biosolids were reported by Schnell
et al. (2010), who found that, over seven rain
events, the mean DOC concentration in runoff
was 8.6 ± 3.2 mg�L–1 from plots without
biosolids and 35.9 ± 15.5 mg�L–1 from plots
with biosolids addition. Our DOC concentra-
tions at CS under bermudagrass were slightly
higher than those reported by Schnell et al.

(2010) but within the same order of magni-
tude. Fluxes of DOC ranged from 636 to 1474
mg/m2/year at CS from bermudagrass and
st. augustinegrass, respectively, and from 333
to 785 mg/m2/year from native grasses and
st. augustinegrass + tree, respectively, at SA.
Our expectation that irrigation water higher
in sodium relative to calcium would increase
DOC fluxes from all vegetation types was not
met because only the st. augustinegrass treat-
ment had significantly higher DOC flux at
CS, which could be attributed to irrigation
water.

Ninety-two percent of the variance in DOC
flux was explained by bicarbonate flux at CS
and although a similar relationship occurred at
SA, it was not as strong nor was it significant.
The relationship between DOC and bicar-
bonate may provide some clues to potential
mechanisms of leaching of soil DOC from
urban landscapes based on alkalinity levels
in irrigation water sources. One hypothesis
is that with neutral pH and high alkalinity,
both humic and fulvic acids, are soluble in
solution (Stevenson, 1994), whereas in undis-
turbed ecosystems with lower pH and alkalinity,
fulvic acids dominate bulk DOC. A relationship
between DOC and bicarbonate appears to
occur in neutral pH, humin-dominated aquatic
systems. For example, 86% of the variance in
DOC was explained by bicarbonate in the four
subbasins of the Mississippi River (Dubois
et al., 2010). A second hypothesis is that per-
colating irrigation water containing signifi-
cantly high bicarbonate concentrations may
compete with indigenous absorbed DOC on
mineral soil surfaces; research is needed to
test this hypothesis.

Plant selection. In agricultural systems,
farmers typically select crops to grow based
on crop tolerance of local soil conditions and
irrigation water chemistry. In ornamental hor-
ticulture, plants are typically selected for aes-
thetic and use purposes based on cold-hardiness
zoning. Our study illustrated that landscape
species selection, within reason, seems to have
a little to no effect on nutrient leaching losses
(determined as fluxes) and that landscape
management practices such as type of water
input and fertilization practices seem to be
much more important.

Limitations to the study. The results of this
study are for the first year after establishment
of landscape plants after a 4-month equilib-
rium period and results may be very different
for horticultural plants that have been estab-
lished for a longer time period.

One reason why significant differences
did not occur in leachate chemistry among
vegetative species at each site may have
been the depth of the lysimeter. Leachate
was collected from the saturated flow zone
contained within the gravel layer rather than
from the unsaturated flow zone within the soil
horizon. With collections of leachate every 2 to
4 weeks, the solution may have been in re-
ducing rather than oxidizing conditions, which
may have confounded any differences in N we
should have observed among species at each
site. A solution to this would be to install zero-
tension or ceramic cup tension lysimeters in the

Table 5. Average water use for each plant treatment as calculated by soil moisture sensors during the period
of study.z

Mar. to
May 2007

June to
Sept. 2007

Oct. to
Nov. 2007

Mar. to
May 2008

(mm)

SA Native +tree a1.98 a2.91 a2.96 a1.48
CS Native +tree b1.08 b2.07 b1.60 b0.86
SA Native a1.64 2.21 a2.04 a1.35
CS Native b1.10 1.89 b1.11 b0.73
SA Tree 0.96 a1.95 a1.96 1.08
CS Tree 0.44 b0.86 b0.79 1.02
SA St. augustinegrass 1.37 a2.221 a1.703 a2.159
CS St. augustinegrass 1.29 b1.096 b1.128 b0.957
SA St. augustinegrass + tree 1.65 2.04 a1.66 a2.36
CS St. augustinegrass + tree 1.37 1.52 b1.02 b0.83
zValues in parentheses are SD. Differences in lowercase superscript letters indicate significant difference in
water use between SA and CS for each plant treatment.
SA = San Antonio, TX; CS = College Station, TX.
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soil profile or collect leachate after each irriga-
tion and rain event and filter and freeze until
analysis.

Orthophosphate-P concentration and flux
and DON:TDN ratio differences between sites
may have been confounded by the presence of
the SA sewage treatment facility 400 to 500
m from the SA lysimeters. At this sewage
treatment facility, wind-row piles of solid
sludge were composted in full sunlight. Partic-
ulate matter from these piles may have become
airborne and settled on the experiment site. The
single tree, tree + native, tree + st. augustinegrass
and native treatments had significantly higher
orthophosphate-P fluxes at SA relative to those
treatments in CS, which may be the result of
their height and particle-scavenging ability.

Conclusions. Irrigation water chemistry
had a larger impact on nutrient leaching from
urban landscapes than the impact from the
type of horticultural plant. Plants did, how-
ever, have an effect on concentrations of
nitrate-N orthophosphate-P; on pH, EC,
and the DON:TDN ratio; and on fluxes of
orthophosphate-P among the two sites. We
also observed irrigation and plant species
interactions for leachate concentrations of
DOC, nitrate-N, orthophosphate-P, and bicar-
bonate and the DOC:DON ratio. Much more
research on the impact of irrigation water chem-
istry on nutrient leaching and runoff in planted
urban landscapes species is needed, particu-
larly the interactions between irrigation water
chemistry and horticultural plant species.
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