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Abstract: Managers of ornamental nurseries are increasingly reusing runoff water as an irrigation
source, but residual pesticides in recycled water may result in plant phytotoxicity on crop plants.
Our study focused on understanding the responses of container-grown landscape plants to residual
pesticides in irrigation water. Hydrangea paniculata ‘Limelight’, Cornus obliqua ‘Powell garden’,
and Hosta ‘Gold standard’ were exposed to various concentrations of isoxaben, chlorpyrifos,
and oxyfluorfen (0, 0.15, 0.35, 0.7, and 1.4 mg/L of isoxaben; 0, 0.05, 0.1, 0.2, and 0.4 mg/L of
chlorpyrifos; and 0, 0.005, 0.01, 0.015, and 0.02 mg/L of oxyfluorfen) applied as overhead irrigation.
After three months of application, we assessed the dry weight biomass, growth, and parameters
related to photosynthetic physiology (SPAD chlorophyll index, light-adapted chlorophyll fluorescence,
and photosynthesis carbon dioxide response (A/Ci) curves. We also sampled plant leaf, stem, and root
tissues for residual pesticides. The effects of the pesticides were pesticide-specific and taxa-specific.
Exposure to oxyfluorfen resulted in visible injury in all three taxa and reduced total biomass,
chlorophyll index, and photosynthesis in Hydrangea and Hosta. All three taxa absorbed and retained
pesticides in leaf and stem tissues. Growers should follow best management practices to reduce
exposure from irrigation with runoff, particularly for herbicides with post-emergent activity.
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1. Introduction

Horticulture is a major industry in the U.S. In 2014, the sale of floriculture, nursery, and specialty
crops were worth $13.8 billion, up by 18% since 2009 [1]. For container nurseries, irrigation is
often applied based on general rules of thumb, such as 19 mm of water per day. These application
rates often greatly exceed plant water needs and result in substantial runoff [2,3]. In a nursery
with 4 L containers placed six inches apart, up to 80% of applied water may be lost as runoff [4].
Furthermore, frequent pesticide application is common among nursery producers. Therefore, runoff

generated from container nurseries may contain various pesticides, and if released without treatment,
surface water contamination and toxicity to aquatic life can occur [5–7]. Due to the significant freshwater
use by the nursery industry and the environmental problems associated with runoff, water regulations
for nurseries are becoming more stringent. To cope with new regulations and ensure water security,
the capture and reuse of runoff water is increasing among nursery growers [8–10]. While capturing
and reusing runoff may be a practical solution to reduce contaminants in neighboring ecosystems,
growers’ concerns about potential negative impacts of residual pesticide on crop growth and quality
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may impede its adoption [10] as nursery growers report evidence of pesticide phytotoxicity when
runoff water is used for irrigation (personal communication with growers).

In the current study, we examined the impacts of isoxaben, oxyfluorfen, and chlorpyrifos on
three widely cultivated nursery crops. We selected these compounds for study because they are
commonly used in the nursery trade and represent different modes of action. Moreover, all three
pesticides may be found in nursery runoff, and if present at higher concentrations, can injure nursery
plants [11–13]. Isoxaben (common tradenames Gallery®, Snapshot®) is a pre-emergence herbicide that
works by inhibiting cell wall biosynthesis in dividing cells, causing stunted plants. Various nursery
plants are susceptible to this herbicide. Isoxaben at 5 mg/L reduced plant height, leaf emergence,
and photosynthesis in Canna generalis (canna), Pontaderia cordata (pickerel weed), and Iris (charjoys
Jan) [14]. Isoxaben at 10 mg/L also reduced root visual appearance in Pennisetum rupeli (fountain grass)
and Hemerocallis hybrid (daylily) as well as fresh root weight in Ilex crenata (“Helleri” Hellers holly) [11],
but isoxaben application at 1.1 kg a.i./ha alone did not injure six different container-grown ornamental
grass species [15], nor did it affect plant height in Ilex crenata (Japanese holly). Chlorpyrifos (common
tradenames Dursban®, Lorsban™) is an insecticide that may sometimes affect plants by inhibiting the
activity of enzymes for growth and development, causing smaller plants [16]. Chlorpyrifos (525 mg/L)
induced membrane disintegration through lipid peroxidation and also increased superdimutase
(SOD) activity in Vigna radiata [17]. Chlorpyrifos at 30 mg/L also reduced growth and biomass in
Azolla pinnata [18]. Oxyfluorfen (common tradename Goal) is a widely used pre and post-emergence
herbicide in container nursery production. It is mostly used for controlling broadleaf weeds and
annual grasses [19]. Oxyfluorfen acts by inhibiting the synthesis of protoporphyrinogen oxidase
“PPO” enzymes leading to cell membrane disruption [20]. Oxyfluorfen at 1 g/ha, when applied
as a post-emergence herbicide to control weeds in sunflower, produced severe phytotoxicity on
sunflower [21]. Oxyfluorfen is not recommended for use in sunflower, but has been found to be safe on
eight different container-grown ornamental crops at 0.9 kg a.i./ha including red-osier dogwood (Cornus
sericea), cranberry cotoneaster (Cotoneaster apiculata), European cranberry viburnum (Viburnum opulus
‘Notcutt’), border forsythia (Forsythia intermedia ‘Spectailis’), English ivy (Redera helix), green luster
holly (Ilex crenata ‘Green Luster’), Japanese pachysandra (Pachysandra terminalis), and Browni yew
(Taxus x media “Brownii”) [22]. Application of oxyfluorfen at 0.07 kg a.i./ha as a foliar spray produced
severe phytotoxicity on Euonymus fortunei (Colorata) [23].

Pesticides in runoff water from nurseries are usually diluted with other water sources and
therefore occur at relatively low concentrations. However, frequent, often daily, irrigation with
nursery runoff creates the potential for chronic low-dose exposure to an array of pesticides that
may have phytotoxic effects. Pesticides that cause phytotoxicity usually interfere with physiological
and biochemical processes in non-target plants. Many of these effects are related to photosynthetic
function, and measuring these responses can indicate the extent of physiological damage caused by
pesticides [24–28]. A novel aspect of our approach in the current study was to examine the potential
impacts of chronic, low dose application of pesticides on physiological responses of nursery crops.
Advances in portable photosynthesis systems have simplified the measurement of key photosynthetic
responses such as A/Ci curves that can provide insights into photosynthetic reactions that may
be early indicators of phytotoxic responses. For example, the maximum carboxylation rate of
ribulose-1,5-bisphosphate carboxylase oxygenase (RuBisCO) (Vcmax) may limit photosynthesis at
lower (0 to 200 ppm) intercellular carbon dioxide concentrations, and the rate of electron transfer
for ribulose 1,5-bisphosphate (RuBP) regeneration (J) may limit photosynthesis at higher (>300 ppm)
intercellular carbon dioxide concentrations [27,29,30].

A few studies have described the effects of isoxaben, chlorpyrifos, and oxyfluorfen on various
plants [15,16,31–34], but the impact of residual (low) concentrations of these compounds on common
landscape nursery plants receiving pesticides for an entire growing season has not been documented.
Phytotoxicity of isoxaben, oxyfluorfen, and chlorpyrifos may vary depending on the plant taxa irrigated,
the concentration of pesticide in water, and the duration of the pesticide application and growers
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particularly lack information on the long-term phytotoxicity caused by these pesticides in runoff

water. They are also unaware of the severity of phytotoxicity caused by these pesticides on common
landscape nursery plants. Therefore, understanding the impacts of prolonged exposure to low doses of
these pesticides may provide insights into the safe use of recycled runoff for irrigation and ultimately
encourage the reuse of runoff water among nursery growers. Therefore, the objectives of this study
were to evaluate the morphological and physiological effects of various concentrations of isoxaben,
chlorpyrifos, and oxyfluorfen on three commonly cultivated container-grown landscape nursery plants,
Hydrangea paniculata ‘Limelight’, Hosta ‘Gold Standard’, and Cornus obliqua ‘Powell Gardens’.

2. Materials and Methods

2.1. Plant Material and Treatments

This study was conducted in a greenhouse at the Michigan State University Horticulture Teaching
and Research Center (HTRC) located in Holt, Michigan, USA. We used Limelight Hydrangea (Hydrangea
paniculata ‘Limelight’), Red Rover® silky dogwood (Cornus obliqua ‘Powell Gardens’), and Gold Standard
Hosta (Hosta ‘Gold Standard’) potted in 12 L black plastic containers for our study. We planted Hydrangea
and Cornus plants as liners in spring 2017 in pine bark and peat moss substrate (80:20; volume: volume).
Plants of these two taxa were grown outdoors at the HTRC and received standard nursery culture
including 19 mm of daily overhead irrigation and controlled release fertilizer (19:4:8 N:P2O5:K2O with
micronutrients, 5–6 months, Harrell’s LLC, Lakeland, FL, USA) applied as a top-dressing. In early
December 2017, Hydrangea and Cornus plants, along with bulbs of Hosta plants, were placed in a walk-in
cooler at 6 ◦C for five weeks to complete their chilling requirements before they were brought into the
greenhouse on January 8, 2018. The temperature in the greenhouse was set to 22 ◦C, and a sodium
lamp provided 16-h of photoperiod. Different concentrations of isoxaben, oxyfluorfen, or chlorpyrifos
were applied as overhead irrigation mixed in irrigation water. We selected five different concentrations
of each pesticide as treatments (0, 0.15, 0.35, 0.7, and 1.4 mg/L of isoxaben; 0, 0.05, 0.1, 0.2, and 0.4 mg/L
of chlorpyrifos; and 0, 0.005, 0.01, 0.015, and 0.02 mg/L of oxyfluorfen). Pesticide rates were based on
pesticide residues reported in nursery retention ponds [13,35,36] and the solubility of the pesticides in
water. A black 100-L covered plastic tank was used as a stock tank for each treatment. A calculated
amount of each pesticide was dissolved in 100 L of water to achieve the desired concentration. A sump
pump was used to agitate the pesticide solution and apply the pesticide solution as overhead irrigation
on plants. An irrigation distribution test for treatment zones had a distribution uniformity of 89.73%.
Pesticide solutions were freshly prepared two to three times a week. Each pesticide treatment consisted
of three taxa and six replications per taxa. Treatments began once all the plants had produced a new
flush of growth (8 February 2018). We applied pesticide treatments with each irrigation event that
varied from once every three days to every day, depending on plant water use. Pesticide treatments
continued for three months.

2.2. Physiological Measurements and Growth

A portable photosynthesis system (LI-6400 XT, Li-Cor, Inc., Lincoln, NE, USA) mounted with a
leaf chamber fluorometer (LI-6400-40, Li-Cor, Inc., Lincoln, NE, USA) was used to develop A/Ci curves
and measure light-adapted fluorescence for all three taxa. A section of a fully mature leaf on either
the third or fourth node from the top for Cornus and Hydrangea and on the first or second node for
Hosta was used for all physiological measurements. Photosynthetically active radiation (PAR) in the
chamber was set to 1500 µmol m−2 s−1. The block temperature was set to 25 ◦C, and the reference
CO2, supplied by a 12 g CO2 cartridge (LI-6400 XT, Li-Cor, Inc., Lincoln, NE, USA), was varied,
starting at 0 ppm to 800 ppm (0, 50, 100, 200, 300, 400, 500, 600, and 800 ppm). Net photosynthesis
(A) values at various intercellular carbon dioxide concentrations (Ci) were used to generate carbon
dioxide response (A/Ci) curves. Data from the A/Ci curves were used to estimate Vcmax and J values
using the non-linear equation provided by Sharkey [30]. For light-adapted chlorophyll fluorescence
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measurements, a section of a fully mature leaf of each plant was enclosed in the LI-6400-40 chamber
with 1500 µmol m−2 s−1 of PAR, 400 ppm of CO2, and 40–60% humidity at 25 ◦C. We acclimatized
the leaf for 5 min, after which we measured light-adapted fluorescence (LI-6400xt Instruction Manual,
version 6, Li-Cor Inc., Lincoln, NE, USA) to determine the efficiency of photosystem II. SPAD leaf
chlorophyll index was also measured on three fully expanded leaves per plant on either the second or
third node for Hydrangea and Cornus by using a portable SPAD meter (SPAD-502; Minolta Corporation,
Ltd., Osaka, Japan). The variegated golden leaf color of Hosta produced unrealistic values of the SPAD
index; hence, we did not measure the SPAD index for those plants.

We examined the leaves of each plant and scored them for visible pesticide injury based on a
rating system on a scale of one to ten, with ten being a healthy leaf without damage, and one being
a dead leaf. After scoring plants for visible symptoms, the leaves, stems, and roots were harvested,
dried in an oven (45 ◦C), and weighed. All of the dry weights were combined to determine the total
dry biomass (TBD). Samples of dried leaves, stem, and roots were sent to a commercial laboratory
(Brookside Labs, Laboratories, Inc., New Bremen, OH, USA) to determine the residual levels of
isoxaben, chlorpyrifos, and oxyfluorfen in the tissue. The QuEChERS technique was used to extract
all tissue samples. Oxyfluorfen and chlorpyrifos were quantified using gas chromatography–mass
spectrometry (GC-MS), and isoxaben was quantified using liquid chromatography–tandem mass
spectrometry (LC-MS/MS) [37].

2.3. Statistical Analysis

All statistical analyses were carried out using SAS (version 9.4; SAS Institute, Inc., Cary, NC, USA).
Regression analysis in SAS was carried out for the chlorophyll index and light-adapted fluorescence
(Fv’/Fm’) in response to pesticide treatments. For the total dry biomass (TDB), visual leaf injury,
and residual pesticide concentration in the leaves, stems, and roots, we analyzed data using one way
ANOVA for each species and pesticide. Vcmax and J estimates derived from A/Ci curves were also
analyzed by using one way ANOVA for each taxon and each pesticide treatment. Any data that did
not meet the assumption of homogeneity of variance were transformed prior to statistical analysis.

3. Results

3.1. Leaf Visual Injury and Growth in Response to Pesticide Treatment

Leaf visual injury on plants was observed only for oxyfluorfen applications (Figure 1). Exposure to
isoxaben or chlorpyrifos did not result in any visible damage to the taxa tested (data not shown).
For oxyfluorfen, 0 and 0.005 mg/L did not produce any visual symptoms on any taxa. Increasing the
oxyfluorfen dose to 0.01 mg/L produced leaf injury on Hydrangea and Hosta, but not on Cornus.
Leaf injury was visible on Cornus plants only at the maximum dose (0.02 mg/L) of oxyfluorfen
application. Visible leaf injury on Hydrangea and Hosta increased with an increasing dose of oxyfluorfen
(Figure 1). Visible symptoms of oxyfluorfen exposure included leaf browning and smaller leaves
(Figure 2). Oxyfluorfen application also reduced TDB for Hydrangea, but not for Hosta and Cornus
(Table 1). For Hydrangea, increasing oxyfluorfen to 0.015 mg/L did not reduce the TDB, but further
increase in dose reduced TDB. For Hosta, the decrease in the TBD was linear but was not statistically
significant (Table 1). Exposure to isoxaben or chlorpyrifos in irrigation water did not affect the TDB
of any of the taxa tested, except for Hosta, where the application of isoxaben first reduced TDB (till
0.7 mg/L) and then the biomass increased (1.4 mg/L).
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‘Powell gardens’ (C) exposed to 0 (control) or 0.02 mg/L of oxyfluorfen application irrigated for three 
months. 

Table 1. Mean total dry biomass (g) for Hydrangea paniculata ‘Limelight’, Cornus obliqua ‘Powell 
Gardens’, and Hosta ‘Gold standard’ plants irrigated for three months with simulated runoff 
containing oxyfluorfen, isoxaben, or chlorpyrifos. Means within a column followed by the same letter 
for a given taxon are not different at p < 0.05. Post-hoc mean separation was done using the Fisher 
least significance difference (LSD) test. 
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and Hosta ‘Gold Standard’ plants irrigated with simulated runoff containing five concentrations of
oxyfluorfen for three months. Visual rating was based on a scale of 1 to 10 (10 = no injury to 1 = dead
plant). Means within a taxon followed by the same letter are not different at p < 0.05. Mean separation
was by the Fisher least significance difference (LSD) test.
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Figure 2. Images of Hydrangea paniculata ‘Limelight’ (A), Hosta ‘Gold Standard’ (B) and Cornus obliqua
‘Powell gardens’ (C) exposed to 0 (control) or 0.02 mg/L of oxyfluorfen application irrigated for
three months.
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Table 1. Mean total dry biomass (g) for Hydrangea paniculata ‘Limelight’, Cornus obliqua ‘Powell
Gardens’, and Hosta ‘Gold standard’ plants irrigated for three months with simulated runoff containing
oxyfluorfen, isoxaben, or chlorpyrifos. Means within a column followed by the same letter for a given
taxon are not different at p < 0.05. Post-hoc mean separation was done using the Fisher least significance
difference (LSD) test.

Concentration (mg/L)
Oxyfluorfen

Hydrangea Cornus Hosta

0 135.71ab 189.65a 31.58a

0.005 152.97a 180.68a 30.23a

0.01 153.11a 188.44a 23.63a

0.015 130.65ab 210.92a 22.72a

0.02 106.49b 207.20a 17.93a

Concentration (mg/L)
Chlorpyrifos

Hydrangea Cornus Hosta

0 135.71a 189.65a 31.58a

0.05 139.71a 166.40a 29.76a

0.1 138.25a 213.63a 41.32a

0.2 138.62a 197.22a 32.38a

0.4 143.45a 194.87a 23.71a

Concentration (mg/L)
Isoxaben

Hydrangea Cornus Hosta

0 135.71a 189.65a 31.58a

0.15 140.63a 225.85a 19.11bc

0.35 155.07a 198.92a 16.54c

0.7 161.66a 211.75a 13.05c

1.4 141.34a 186.94a 27.20ab

3.2. Physiological Performance in Response to Pesticide Treatments

Irrigating Hydrangea and Cornus plants with simulated runoff containing oxyfluorfen reduced
the SPAD chlorophyll index of leaves. For Cornus, the SPAD chlorophyll index decreased linearly
with increasing oxyfluorfen concentration, while the SPAD index for Hydrangea decreased rapidly
at oxyfluorfen concentrations above 0.01 mg/L (Figure 3). Isoxaben and chlorpyrifos did not affect
the SPAD index in any of the three taxa (data not shown). Chlorpyrifos and oxyfluorfen did
not affect the light-adapted fluorescence in any of the taxa (data not shown). Isoxaben reduced
light-adapted fluorescence for Hydrangea and Cornus, but did not affect the Fv’/Fm’ of Hosta (Figure 4).
In both Hydrangea and Cornus, Fv’/Fm’ decreased with increasing isoxaben concentration until
0.07 mg/L. Fv’/Fm’ then remained constant, with further increases in isoxaben concentration (Figure 4).
Irrigating with simulated runoff containing oxyfluorfen affected the photosynthetic rates of Hosta
and Hydrangea (Figure 5). Exposure to oxyfluorfen reduced photosynthesis rates in Hosta when
oxyfluorfen concentration in irrigation water was 0.01 mg/L or higher. For Hydrangea, exposure to
oxyfluorfen decreased photosynthetic rates only when oxyfluorfen concentrations in irrigation were
0.015 mg/L or more. Exposure to oxyfluorfen in irrigation water did not affect photosynthesis in Cornus.
Irrigation with water containing isoxaben slightly reduced photosynthesis for Hosta at concentrations
of 0.07 mg/L or above (Figure 6). Isoxaben did not reduce photosynthesis in Hydrangea and Cornus
(Figure 6). Chlorpyrifos did not affect the photosynthesis of any of the taxa tested (data not shown).
Reduction in Vcmax and J were only seen for oxyfluorfen application (Figure 7). Oxyfluorfen limited
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photosynthesis in Hydrangea by reducing Vcmax and J at concentrations of 0.015 mg/L or above, and in
Hosta by reducing Vcmax and J at a concentration of 0.01 mg/L or above (Figure 7).
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followed quadratic regression, while regression of Hosta was not significant at p < 0.05.
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Figure 7. Mean Vcmax (maximum rate of RUBISCO for carboxylation) and J (rate of electron transport
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‘Gold Standard’ plants irrigated with simulated runoff containing five concentrations of oxyfluorfen
for three months. Means within a taxon followed by the same letter are not different at p < 0.05.
Mean separation was by the Fisher least significance difference (LSD) test.

3.3. Pesticide Absorption

Leaf pesticide concentration for the pesticides increased with increasing dose (Figure 8).
However, taxa varied in their uptake and retention of each pesticide. For oxyfluorfen, Hydrangea
had maximum absorption and retention in leaves, followed by Hosta, and then Cornus (Figure 8a).
However, for isoxaben and chlorpyrifos, Cornus absorbed the highest amount, followed by Hydrangea
and then by Hosta (Figure 8b,c). Isoxaben absorption and retention in leaves were consistently lower
in all three taxa when compared to oxyfluorfen and chlorpyrifos. Stem and roots also absorbed and
retained pesticides (Figure 9a–f). For all three pesticides, pesticide residues were always present in the
stem (Figure 9a–c). The order of pesticide residue concentration in stem was chlorpyrifos > oxyfluorfen
> isoxaben. Hosta plants do not have a true stem, therefore, we did not conduct a stem pesticide analysis
in Hosta. Fine roots of Hydrangea absorbed and retained oxyfluorfen and isoxaben, but not chlorpyrifos
(Figure 9d–f). For Hydrangea, absorption of oxyfluorfen was greater when compared to isoxaben. Hosta
absorbed and retained all three pesticides, but unlike Hydrangea, its pesticide root retention order was
chlorpyrifos > isoxaben > oxyfluorfen (Figure 9d–f). For Cornus, oxyfluorfen was not retained in fine
roots, but fine roots absorbed and retained chlorpyrifos and oxyfluorfen (Figure 9d–f).
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and chlorpyrifos applied for three months. Means within a taxon followed by the same letter are not
different at p < 0.05. Post-hoc mean separation was done using the Fisher least significance difference
(LSD) test.
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Figure 9. Concentration of oxyfluorfen (A), isoxaben (B), and chlorpyrifos (C) in the stem for Hydrangea
paniculata ‘Limelight’ and Cornus obliqua ‘Powell gardens’ and concentration of oxyfluorfen (D),
isoxaben (E), and chlorpyrifos (F) in root for Hydrangea paniculata ‘Limelight’, Cornus obliqua ‘Powell
Gardens’, and Hosta ‘Gold Standard’ plants following irrigation with simulated runoff containing five
concentrations of oxyfluorfen (Oxy), isoxaben (Iso), and chlorpyrifos (Chl), applied for three months.
Means within a taxon followed by the same letter are not different at p < 0.05. Post-hoc mean separation
was done using the Fisher least significance difference (LSD) test. Bar graphs for treatment are missing
when the residual pesticide concentration is very low (zero or close to zero).

4. Discussion

4.1. Growth and Physiology

The potential for crop injury from residual pesticides can be a barrier for nursery operators to
re-use runoff for irrigation. Additionally, reductions in crop growth from diluted, persistent pesticides
can reduce profits by increasing production time or reducing plant quality. Leaves absorb pesticides
that are applied to foliage, often producing leaf injury [38]. Visible injury is of concern to nursery
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producers, even if growth is not affected, because aesthetic appearance is important in marketing
ornamental plants. Pesticide injury to leaves depends on the dose and type of pesticide used [39]. In this
study, oxyfluorfen produced dose-dependent visible injury in all three taxa. Exposure to 0.02 mg/L of
oxyfluorfen reduced visual leaf rating in Hydrangea, Hosta, and Cornus by 56.7%, 37.5%, and 18.4%
when compared to the untreated control, respectively. Isoxaben and chlorpyrifos at the rates we used
did not produce any visible injury, and hence irrigation with runoff containing these compounds
can be considered relatively safe for use on these taxa. Oxyfluorfen works as a pre-emergent and
post-emergence contact herbicide, therefore it is not surprising that it caused the greatest visible
injury. When applied to leaves, oxyfluorfen inhibits chlorophyll formation in addition to causing lipid
peroxidation and membrane degradation [20]. In contrast, isoxaben is a pre-emergence herbicide that
blocks germination [40], and chlorpyrifos is an insecticide. The sensitivity of plants to oxyfluorfen
in this study is consistent with observations by nursery growers who have reported crop damage
following exposure to oxyfluorfen when runoff water was used as irrigation (personal communication).
Oxyfluorfen application also produced leaf injury on rice (Oryza sativa) [41], yellowwood (Cladrastis
kentukea) [42], and sunflower [21]. Lactofen, a herbicide with a similar mode of action to oxyfluorfen,
also produced leaf injury on soybean leaves [43]. Oxyfluorfen (0.02 mg/L) reduced the TDB of Hydrangea
by 21.5% and the TBD of Hosta by 43.1%. Because leaves are the site of photosynthesis, visible damge
to leaves amy impact photosysnthesis and, hence, productivity. [44]. In our study, leaf injury from
oxyfluorfen was observed primarily in Hydrangea and Hosta. For Cornus, leaf injury was only observed
at the maximum dose (0.02 mg/L) of oxyfluorfen. This leaf injury in Hydrangea ultimately led to a
reduction in TDB for Hydrangea. Isoxaben and chlorpyrifos did not injure leaves; therefore, healthy
growth was seen in plants receiving those pesticides.

Effects of exposure to pesticides in simulated runoff irrigation on photosynthetic parameters
largely reflected sensitively as seen in visible injury to leaves. Isoxaben and chlorpyrifos did not
affect the SPAD chlorophyll index, but oxyfluorfen reduced chlorophyll index for Hydrangea and
Cornus. Oxyfluorfen is a protoporphyrinogen oxidase (PPO) inhibitor, and in the presence of light, this
herbicide produces reactive oxygen species that break down chlorophyll and organelle membranes [45].
Chlorophyll fluorescence can be an early indicator of pesticide damage and has been used to predict
herbicide damage for various taxa [46,47]. In our study, however, oxyfluorfen or chlorpyrifos did not
affect light-adapted chlorophyll fluorescence on any taxa. Although exposure to isoxaben in runoff

did not affect the SPAD chlorophyll index, it did slightly reduce the light-adapted fluorescence for
Cornus and Hydrangea. In a phytoremediation study by Fernandez et al. (1999), isoxaben also reduced
chlorophyll fluorescence in canna, pickerel weed, and iris [14].

Photosynthesis and intercellular carbon dioxide response curves (A/Ci) can be used to determine
the photosynthetic capacity of plants [48] and the shape of the A/Ci curve is generally determined by
the capacity of rubisco for carboxylation (Vcmax) at lower Ci rates (< 200 ppm) and the rate of RuBP
regeneration (J) at higher Ci rates (>300 ppm) [29,49]. Visual observations of the A/Ci curve indicated
oxyfluorfen concentrations of 0.015 and 0.02 mg/L reduced the carboxylation capacity of RUBISCO
and the rate of electron transport for RuBP regeneration for Hydrangea. For Hosta, oxyfluorfen rates
of 0.01 mg/L or higher reduced those parameters. These visual observations were also statistically
confirmed by calculating Vcmax and J values. Oxyfluorfen reduced Vcmax and J values both for
Hydrangea and Hosta, therefore reduction in rate of photosynthesis in both of those taxa was by the
decrease in carboxylation capacity of RUBISCO enzyme (at lower Ci) and reduction in the rate of
electron transport for RuBP regeneration (at higher Ci). Oxyfluorfen did not limit photosynthetic rates,
Vcmax, and J for Cornus at any concentrations. Even though isoxaben is a pre-emergent herbicide,
it slightly reduced photosynthesis in Hosta when the levels of isoxaben were 0.7 mg/L or higher,
but unlike oxyfluorfen, reduction in Vcmax and J was not observed. The lack of response in Vcmax
and Jmax indicated the reduction in photosynthesis was minimal; therefore, it never translated to a
decrease in growth. The decline in photosynthesis by oxyfluorfen corresponded strongly toincreased
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leaf injury. Photosynthetic response to pesticide exposure was more sensitive relative to the TDB
response to pesticide exposure.

4.2. Pesticide Absorption

Oxyfluorfen was absorbed and retained in leaves for all three taxa, and the absorption increased
with increasing dose. Even though oxyfluorfen was retained on the leaves of all three taxa, leaf injury
varied. Hydrangea had the maximum leaf injury, followed by Hosta, which is also supported by the
fact that Hydrangea had the highest leaf retention of oxyfluorfen followed by Hosta. Taxa vary in their
tolerance to oxyfluorfen, which is mainly governed by pesticide absorption, pesticide degradation
inside leaves, and the affinity of the target sites (sites inside plants where herbicide binds to produce
response) to herbicide [50]. For Cornus to be tolerant, either most of the absorbed oxyfluorfen
must have degraded inside the leaves or did not from reach the target site for the mode of action.
Isoxaben sensitivity is taxa-specific [51], and a wide range of plants are tolerant to lower concentrations
of post applied isoxaben [52]. In the current study, isoxaben absorption and retention in leaves were
dose-dependent and similar across taxa. Among the pesticides investigated, isoxaben was least
absorbed and retained, which may be because the leaf absorption of isoxaben is very low, and isoxaben
is minimally translocated beyond the application point [51,52]. Isoxaben also did not produce visible
symptoms or reduce growth. The mode of action for isoxaben is the inhibition of cell wall biosynthesis,
which is dose-dependent [40]. Our range of doses for isoxaben may not have been high enough to
produce phytotoxicity. In a study by Heim et al. [53], variation in the sensitivity of Agrostis palustris
to isoxaben was associated with decreased sensitivity of isoxaben binding sites, which might have
also occurred in our study. Fernandez et al. [14] found that isoxaben reduced photosynthesis in three
monocot species, while a slight reduction in photosynthesis for monocot-Hosta was also observed in
our study. Isoxaben application did not reduce photosynthesis in Hydrangea and Cornus as isoxaben
response is taxa-specific [33].

Similar to oxyfluorfen and isoxaben, absorption and retention of chlorpyrifos in leaves was
also dose-dependent and increased with increasing dose. Chlorpyrifos may enter inside plant tissue
through leaves or roots, and its absorption and retention vary within species [54]. In a study by Fan
et al. (2013), chlorpyrifos was absorbed and retained in the leaves of six different leafy vegetables
with retention concentration varying within species [55]. In our study, absorption and retention of
chlorpyrifos did not affect growth and physiological performance on any of the taxa. In wheat, root
application of chlorpyrifos led to the accumulation of chlorpyrifos in root and shoots, but growth was
not affected [56]. Wheat and rapeseed also absorbed chlorpyrifos that was mixed in irrigation water,
but growth was not affected in either taxon [57]. Chlorpyrifos does not have specific sites of action in
plants but may produce phytotoxicity depending on dose, however, the dose of chlorpyrifos that we
applied was not enough to produce any morphological or physiological symptoms in the three taxa
that we tested.

In our study, the type and concentration of pesticides absorbed and retained in fine roots varied
dramatically among the taxa. Isoxaben concentrations in stem and fine roots were lower when
compared to chlorpyrifos or oxyfluorfen because isoxaben is less mobile in plants, and up to 99% of
isoxaben applied may be adsorbed by pine bark [51,52]. Application of all three pesticides also resulted
in the accumulation of those pesticides in the stem, which may either be through root absorption,
translocation from the leaves, or both [50,51,58].

5. Conclusions

Phytotoxicity due to pesticide exposure from runoff irrigation depends on the plant type, type
of pesticide applied, and concentration of pesticide. In our study, 0.01 mg/L was the threshold level
of oxyfluorfen to produce leaf visual injury in Hydrangea and Hosta, while 0.02 mg/L of oxyfluorfen
was required to induce phytotoxicity in Cornus. Irrigation with simulated runoff containing isoxaben
or chlorpyrifos was comparatively safe for all three taxa tested. Isoxaben caused a slight reduction
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in PSII efficiency, but neither isoxaben or chlorpyrifos affected dry weight biomass, photosynthetic
biochemistry, or caused visible leaf injury as oxyfluorfen did. This response likely reflects the fact that
oxyfluorfen is an herbicide that has post-emergent activity and therefore has the potential to affect
sensitive plants following prolonged low-dose exposure. The other pesticides examined in this study
are an insecticide (chlorpyrifos) and an herbicide without post-emergent activity (isoxaben), which
may be less likely to impact plant growth and physiological function. Among the three taxa, Hydrangea
was most sensitive, followed by Hosta, and then by Cornus. Differences among taxa in their sensitivity
to oxyfluorfen may also be due in part to differences in plant uptake and translocation. The taxa that
were most affected by oxyfluorfen exposure, Hydrangea and Hosta, also had the highest leaf residual
concentrations of that compound. Growth impacts of pesticide exposure in irrigation water were
also linked to physiological function. Pesticides had larger effects on photosynthesis compared to
growth. The results of this study establish the potential of using runoff water containing isoxaben
and chlorpyrifos. However, consideration should be made on the concentration of pesticides in runoff

and plant taxa irrigated. As with all nursery research, a limitation of the current study is that we
only considered three taxa, whereas most commercial nurseries produce dozens, if not hundreds,
of different types of plants. We specifically selected taxa that had shown sensitivity to pesticides in
similar studies, but it is possible that some taxa may have lower thresholds for pesticide impacts
than those studied here. Likewise, in addition to the three pesticides studied, other compounds
including mefenoxam, oryzalin, glyphosate, acephate, and bifenthrin may be found in nursery retention
ponds [39]. We suggest that researchers conduct similar studies with other commonly used pesticides
in a nursery and also determine the pesticide sensitivity of the plants that are different from ours.
Their research in combination with ours will provide a stronger base for the adoption of irrigation
practice using runoff water.
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