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Signiﬁcance to Industry: The aquatic, herbaceous, and woody landscape
species used in this study thrived in a gravel-based screening experiment
designed to mimic a subsurface constructed wetland (CW). They absorbed
nitrogen (N) and phosphorus (P) from prepared concentrations of Hoagland’s
solution that encompassed low to high rates of nutrients found in CW discharge
and nursery runoff, respectively. Water lettuce (Pistia stratiotes), ‘Bengal
Tiger’ canna (Canna ‘Bengal Tiger’), and ‘Hakura Nishiki’ dappled willow
(Salix integra ‘Hakura Nishiki’) performed well at nutrient rates equivalent to
the concentrations of N and P found in nursery runoff (1), which suggests that
some of these commercially available plants may be useful in a surface-ﬂow
constructed wetland (CW) remediation system. Canna ‘Bengal Tiger’ may be
used to remediate nutrients from nursery runoff throughout a surface-ﬂow CW
because of its strong ability to take up both N and P at all concentration levels
tested. Alternatively, ‘Bengal Tiger’ could be cultivated as an emergent aquatic
with nursery runoff without supplemental fertilization in a pot-in-pot system
similar to an aquatic plant production system designed by Bilderback et al. (2).
The production area occupied by these plants could have the dual function
of remediating runoff and providing a saleable product. In surface-ﬂow CWs,
‘Hakura Nishiki’ dappled willow is best suited at the discharge end where the
treatment water would have low N and P levels because of its lower assimilation
rate for N and P. In regions where water lettuce does not have the potential to
become an invasive species, it could be used throughout a surface-ﬂow CW
treatment system as it propagates by offsets and can remediate nursery runoff.
Nature of Work: Commercial nurseries require large quantities of water and
nutrients for container plant production. Excess water contaminated with N
and P can impact the quality of surface water and groundwater. Earlier work by
the authors found that surface-ﬂow CWs at a commercial nursery were highly
efﬁcient at removing N (3). However, phosphate (PO4) removal was highly
variable with uptake coinciding with periods of heavy nursery use and wetland
plant growth, and net loss often occurring during other periods. A surface-ﬂow
CW requires signiﬁcant land area, making it unsuitable for nurseries with limited
production space. An alternative is a subsurface-ﬂow CW, which is a lined basin
ﬁlled with support medium, usually coarse gravel, which supports microbes
and often, higher plants. Microbes have the primary role in breaking down,
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transforming, or incorporating contaminants into their cellular structures. Plants
may enhance remediation by creating a favorable environment for microbial
growth (4) as well as accumulating inorganic nutrients. Porous gravel-based
subsurface-ﬂow CWs have been of interest to Clemson University researchers
as a way of remediating pesticide-contaminated runoff from nurseries and golf
courses (5). Gravel-based systems were used successfully for treating sewage
sludges. However, a drawback of gravel-based systems is their relatively
short life-span (10 to 15 yr) before replacement due to clogging and surfaceponding. A suite of aesthetically attractive plant varieties that both thrive in and
remediate the N and P in runoff would be desirable for designing a CW system
for horticultural businesses, golf courses, and residential areas. To this end,
we developed a screening test of commercially available landscape plants for
their aesthetic characteristics, ability to thrive in a pea gravel-based subsurface
treatment system, and their phytoremediation potential. We tested 19 species
and cultivars in 18 genera of woody and herbaceous aquatic and semiaquatic
landscape plants. Data for a ﬂoating aquatic (water lettuce), an emergent aquatic
(canna), and a woody semiaquatic plant (‘Hakura Nishiki’ dappled willow) are
presented.
Liners of selected species were washed free of planting medium, weighed,
and transplanted to 6.5 inch (16.5 cm) azalea pots in pea gravel. Potted plants
were placed in 1 gallon (16.5 cm) aquatic pots with rims even and watered with
approximately 1.4 qts. (1350 mL) of 10% Hoagland’s solution until water was
visible through the gravel. After acclimation for 2 to 4 weeks, plants were washed
with deionized water and placed in a randomized complete block design with
6 replicates and ﬁve treatment levels of Hoagland’s solution: 2, 8, 46, 95, and
163 ppm NO3 and 0.2, 0.6, 6, 11, and 21 ppm PO4. These concentrations were
chosen because they fall within the range of nutrients used in nursery irrigation
(high), found in nursery runoff, and in CW discharge (low).
Every two days the plants were watered as required; water was applied until
it was observed at the gravel surface. Herbaceous and woody species were
watered for 8 and 13 weeks, respectively. Total water usage, ﬁnal dry weight
of shoot and root, and nitrogen and phosphorus content of shoot and root
were measured. Experiments were replicated twice for each species. Data
were analyzed using SAS (SAS Institute, Cary, NC) GLM procedure for the
experimental model; the replications were combined because there were no
differences between them.
Results and Discussion: Both herbaceous and woody species thrived in pea
gravel even though they were inundated for growing periods of 8 and 13 weeks,
respectively, and no phytotoxicity was observed. The herbaceous emergent
canna received the highest amount of N over the 8-week period compared to the
ﬂoating water lettuce and the woody dappled willow, which grew for an additional
5 weeks (Fig. 1). Although water lettuce received the lowest quantity of nitrogen,
it was recovered at a higher rate compared to canna or willow. According to the
proposed linear model for water lettuce (y = 0.969x + 37.148), most of the N
recovered in the plant tissues was supplied by irrigation N (when the slope of
the ﬁtted line equals 1, the amount of N recovered in the plant tissues equals the
total amount of N supplied to the plant). The rate of N assimilation by canna was
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less than water lettuce (slope = 0.83), but more than willow, which exhibited the
lowest rate of N assimilation. The amount of N retrieved in willow tissues was
much less than the amount supplied (slope = 0.38).
Canna received more P than willow or water lettuce (Fig. 2) and had a higher
P assimilation rate (slope = 0.83). The P recovered in canna tissues relative to
the amount supplied was higher than the other two species. Similar to N, willow
had the lowest P assimilation rate. Less P was recovered in willow although it
received more P than water lettuce.
The rate of biomass production was similar for all three species; however, canna
produced signiﬁcantly more dry weight than water lettuce and willow (data not
presented). Canna’s higher biomass production and higher transpiration rate
resulted in the increased supply and subsequent accumulation of N and P.
The reduced rate of N and P assimilation in willow could be explained, in part, by
its comparatively slow growth rate and reduced biomass production. The nitratenitrogen form of N used in the Hoagland’s solution may not have been preferred
by the dappled willow. Some plants have a preference for ammonium nitrogen
(NH4-N) rather than nitrate nitrogen (NO3-N). In general, a combination of NO3-N
and NH4-N produces equal or better growth when compared with either single N
source alone (6).
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Figure 1. Nitrogen recovered in whole plant tissue after an 8-week greenhouse
uptake study for water lettuce and ‘Bengal Tiger’ canna, and a 13-week study
for ‘Hakura Nishiki’ dappled willow. Five concentrations of Hoagland’s nutrient
solution supplied the following concentrations of N: 0.39, 1.75, 10.44, 21.57, and
36.81 mg/L (ppm). Individual data points were removed for clarity.

Figure 2. Phosphorus recovered in whole plant tissue after an 8-week
greenhouse uptake study for water lettuce and ‘Bengal Tiger’ canna, and a 13week study for ‘Hakura Nishiki’ dappled willow. Five concentrations of Hoagland’s
nutrient solution supplied the following concentrations of P: 0.07, 0.18, 1.86, 3.63,
and 6.77 mg/L (ppm). Individual data points removed for clarity.
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Signiﬁcance to Industry: Collaborative studies at two USDA-ARS units and
four universities in the Southeast have developed strategies to more efﬁciently
use and protect the environmental resources that nurseries, greenhouses, and
landscapers rely on to produce their crops or products. The methods being
developed will help make nursery and greenhouse production facilities and
landscaped developments more efﬁcient, self-contained, and self-remediating
with respect to bed space, irrigation, nutrients, and pollutants in runoff water.
They will have more options when designing management systems to meet
stricter water quality standards that may be adopted in the future by federal,
state, and local governments. Other methods being developed will increase
the efﬁciency of water and nutrient use for container-grown crops, and will
create new markets for landscape species that remediate pesticide and
nutrient pollution.
Nature of Work: Commercial production of containerized nursery and
ﬂoriculture crops results in the use of signiﬁcant quantities of water, fertilizers,
and pesticides. Additionally, container nurseries use plastics, fabric, or gravel to
facilitate placement and handling of containers and to minimize weed growth; yet
these materials may allow greater surface runoff than bare ground because they
prevent inﬁltration and create sheet ﬂow. Today many larger production facilities
retain their runoff water in holding ponds or lagoons. A few have constructed
wetlands to treat nutrient and pesticide enriched runoff water. Upon consideration
of these commercial practices, the overall objective of this project was to
develop and demonstrate methods to efﬁciently produce high quality woody
and herbaceous nursery crops while minimizing inputs of nutrients and irrigation
water while maintaining environmental water quality. Speciﬁc objectives of the
project were: 1) to maximize nutrient and water use efﬁciency; 2) to mitigate
nutrient and pesticide contaminants in off-site drainage; and 3) to develop
strategies for using landscape plant species to improve water quality in the
urban landscape.
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Objective 1: Maximization of nutrient and water use efﬁciency. Scientists at
USDA-ARS, McMinnville TN, North Carolina State University, University of
Florida at Gainesville and Tennessee State University are studying the effects
of various methods to maximize efﬁciency of nutrient and irrigation inputs on
a range of plant materials that include Magnolia virginiana, Quercus phellos,
Oxydendrum arboreum, Cotoneaster dammeri ‘Skogholm’, Dendranthema
x grandiﬂorum and Euphorbia pulcherrima. Irrigation type and rate, fertilizer
formulation, rate and placement, container spacing, and substrate amendment
type, rate, and particle size have been evaluated to determine their effects
on plant performance, nutrient uptake, nutrient loading, and water use. The
substrate amendment studied most extensively is calcined clay.
Objective 2: M
Mitigation of nutrient and pesticide contaminants in off-site
drainage. Researchers at Clemson University are investigating the dynamics
of constructed wetlands located at Wight Nurseries of Monrovia Growers in
Cairo, GA. This 450 ha nursery has 230 ha of irrigated beds and recaptures
about 85% of its irrigation water. Researchers have collected monitoring data for
38 months from a 3.77 ha constructed wetland, which receives drainage from a
48.6 ha catchment. They are developing an understanding of the hydraulic and
nutrient and pesticide loading from runoff into a constructed wetland system
by measuring the remediation efﬁciency of the various system parts, and how
downstream water quality is affected by system discharges.
Scientists at the University of Florida and USDA-ARS in Ft. Pierce are studying
bioremediation with ﬁltration technology, currently used by the aquaculture
industry. This type of managed bioﬁltration system uses substrate materials with
extremely high surface area for microbial and periphyton colonization to provide
the denitriﬁcation potential. The system may be particularly useful for smaller
nurseries or as a more economical alternative to constructed wetlands when
runoff ﬂow volumes are not excessive.
Objective 3: Use of ornamentals to improve water quality in the urban landscape.
Researchers at Clemson University are screening a large number of landscape
plant species to determine their potential for phytoremediating pesticides,
nitrogen, and phosphorus. Results are being compared with those from systems
using bare soil and turfgrass ﬁlter strips.
Results and Discussion: Among the ﬁndings of this ongoing cooperative project
thus far are: 1) Cotoneaster grew as well with a 0.5X rate of phosphorus (19-2-8)
as with a 1X rate (19-4-8); 2) leaching of phosphorus from container-grown crops
was reduced with cyclic microirrigation and peat- and clay-amended substrates;
3) calcined clays reduced the amounts of water required to grow several woody
and herbaceous crops; 4) supplying irrigation at 2 cm/day versus 1 cm/day did
not change growth but increased runoff volume and nutrient loads; 5) however,
evapotranspiration-based irrigation decreased irrigation inputs and runoff volume
in comparison with arbitrary irrigation amounts; 6) early spacing of the landscape
species tested on a container pad reduced plant growth and increased runoff of
irrigation water and the nutrients applied; 7) CW systems were highly efﬁcient
(>95%) at removing nitrogen from runoff at water temperatures >15 ºC, but
remediation of orthophosphate-P was highly variable and not correlated with
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water temperatures; and 8) greater than 90% of nitrate nitrogen was removed
in a matter of hours from runoff in a closed, relatively small-scale bioﬁltration
media system.
Based on these results and those of previous studies conducted in connection
with this project, the application of phosphorus at low rates is recommended.
Fertilizer formulations with high ratios of nitrogen and potassium relative to
phosphorus should be used whenever possible. Reducing the volume of water
used for each irrigation event is recommended as this will increase both water
and nutrient use efﬁciency, but water availability should not become limiting as
it results in reduced plant growth. Irrigation methods based on water loss are
more efﬁcient than those that apply irrigation water on an arbitrary schedule.
Controlling the amount of leachate conserves nutrients stored in the container
substrate. Calcined clays conserve both water and nutrients in the substrate
when added to soilless substrates at rates around 10%. However, all practices
related to irrigation and fertilization must be considered collectively to most
efﬁciently manage these resources.
With regard to the storage, treatment, and reuse of irrigation water, both smalland large-scale bioremediation strategies can be effectively implemented to
reduce nitrogen levels. These systems are dynamic with regard to load, ﬂow,
substrate, and bioﬁltering organisms, and must be monitored and managed
based on the unique combination of variables present. Today nursery and
greenhouse operators have more strategies and methods than ever before to
proactively maximize nutrient and water use and to remediate runoff water.
Acknowledgement: This study was conducted with funding from a USDAARS speciﬁc cooperative agreement as part of the USDA ARS Floriculture and
Nursery Research Initiative, along with other federal and state funds.
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Mycorrhizal Fungi Increase Tolerance of Rose
Plants to Bicarbonate in Irrigation Water
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Department of Horticultural Sciences, Texas A&M University, College
Station, TX 77843-2133
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Index Words: Best management practices (BMP), Sustainable production
systems, Rosa multiﬂora, Arbuscular mycorrhizal fungi (AMF), Acid phosphatase
(ACP), Alkaline phosphatase (ALP)
Signiﬁcance to Industry: Bicarbonate (HCO3-) by raising the pH of irrigation
water, can be detrimental to plant growth. The best management practice
(BMP) of incorporating arbuscular mycorrhizal fungi (AMF), which form
symbiotic (mutually beneﬁcial) associations with the ﬁne young roots of most
higher plants (1), into sustainable nursery production systems is a viable
solution to high levels of HCO3- in irrigation water. Arbuscular mycorrhizal
associations do not substantially change the morphology of host roots and
there is considerable evidence that they enhance uptake of mineral nutrients
(including phosphorus, nitrogen, copper, and zinc), drought tolerance, and
alleviate cultural and environmental stresses (1). We tested the ability of AMF
to enhance plant tolerance to HCO3- on the growth, physiology, and nutrient
uptake of rose plants. Increasing HCO3- concentration and associated high pH
and electrical conductivity (EC) reduced plant growth, leaf elemental uptake, and
acid phosphatase activity (ACP), while increasing alkaline phosphatase activity
(ALP). Inoculation with AMF enhanced plant tolerance to HCO3-, as indicated by
greater plant growth, leaf elemental uptake, leaf chlorophyll content, and a higher
mycorrhizal inoculation effect (MIE). At 2.5 mM HCO3-, AMF plant growth was
comparable to non-inoculated (non-AMF), control plants at 0 mM HCO3-, further
indicating the beneﬁcial effect of AMF for alleviation of HCO3- stress.
Nature of Work: Sustainable nursery production systems will increasingly have
to augment water resources through enhanced water efﬁciency and utilization
of non-conventional water resources. This may include utilization of water of
marginal quality, high in total dissolved solids. Bicarbonate (HCO3-) content and
the associated high pH of irrigation water can be detrimental to plant growth, due
to its adverse effects on the availability and solubility of ions. Prolonged nutrient
deﬁciency results in signiﬁcant reductions in growth, yield, and marketability
of nursery crops. Thus, sustainable nursery production systems will need to
incorporate viable solutions to problems associated with high levels of HCO3- in
irrigation water.
This research details the inﬂuence of HCO3- and associated high pH of irrigation
water on plant growth in sustainable, nursery production systems. The ability of
arbuscular mycorrhizal fungi (AMF) to enhance plant tolerance to HCO3- was
tested on the growth, physiology, and nutrient uptake of rose plants. Growth
of Rosa multiﬂora Thunb. ex. J. Murr rootstocks is reduced under alkaline soil
conditions (2). Our hypothesis was that inoculation with the AMF would enhance
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567

SNA RESEARCH CONFERENCE - VOL. 50 - 2005
plant growth and nutrient acquisition of R. multiﬂora cv. Burr under high levels of
HCO3- in irrigation water, in part, by increasing acid phosphatase activity (ACP)
and alkaline phosphatase activity (ALP).
This study was conducted under glasshouse conditions. Rooted Rosa multiﬂora
cv. Burr stem cuttings were transplanted into 0.4-gal (1.4 L) green plastic pots
containing a steam pasteurized substrate of 92% sand, 4% silt, and 4% clay and
low organic matter. Half the rooted cuttings were non-colonized (non-AMF). The
remaining rooted cuttings were individually inoculated (AMF) at transplanting
with 700 spores of a mixed Glomus species isolate, ZAC-19: Glomus albidum
Walker & Rhodes, Glomus claroideum Schenck & Smith, and Glomus diaphanum
Morton & Walker. Twelve days after transplanting, plants were irrigated with
approximately 300 mL of Long Ashton Nutrient Solution (LANS), modiﬁed to
supply 31 mg·L-1 (ppm) P, 5 mg·L-1 Fe, and HCO3- at 0, 2.5, 5, and 10 mM HCO3(or 0, 250, 500 and 1000 mg·L-1 KHCO3). Irrigation was repeated every 4 d
for 28 d.
Root acid phosphatase (ACP) and alkaline phosphatase (ALP) enzymatic activity
(soluble and wall-bound) were determined at harvest (n = 3), based on the
hydrolysis of p-nitrophenyl phosphate (p-NPP) substrate to yield p-nitrophenol
(p-NP) and inorganic phosphatase. The p-NP content of the supernatant was
quantiﬁed with a spectrophotometer at 420 nm and compared to a standard
concentration series (0, 1.4, 2.8, 4.2, 5.6, and 7.0 mM) of authentic p-NP
(C6H5NO3). The experiment was a 2 x 4 factorial in a completely randomized
design with two AMF levels (AMF and non-AMF) and four levels of HCO3- (0, 2.5,
5, and 10 mM HCO3-). Data were analyzed using Analysis of Variance (ANOVA)
and LSD multiple comparison test. Regression models were also determined.
Results and Discussion: This is one of the ﬁrst reports that AMF enhance
tolerance of rose plants to HCO3- stress as indicated by enhanced growth,
nutrient uptake, leaf chlorophyll content, and mycorrhizal inoculation effect (MIE).
In general, pH and EC increased over the duration of the study regardless of
AMF treatment as a result of HCO3- accumulation in the container substrate.
Increasing HCO3- (≥ 2.5 mM) inhibited plant growth, particularly top growth
[leaf dry mass (DM), leaf area, speciﬁc leaf area (SLA)], whereas root growth
(data not presented) was not as affected (Table 1). In general, AMF helped to
partially alleviate HCO3- stress, as indicated by greater growth (leaf and total
plant DM, leaf area, and SLA) compared to non-AMF plants. The MIE was low in
plants treated with 0 mM HCO3-, suggesting that under 0 mM HCO3-, non-stress
conditions, rose plants were only moderately AMF dependent (3). The MIE at
2.5 to 10 mM HCO3-was greater than at 0 mM HCO3-, indicating plants became
more AMF dependent, as shown by the percent increase in total plant DM of
AMF plants compared to non-AMF plants. However, while AMF alleviated HCO3stress, AMF were more effective in increasing MIE at low to moderate levels than
high HCO3-.
Increasing HCO3-concentration caused a decrease in leaf number regardless of
AMF treatment. At increasing HCO3-, AMF leaves were thinner (higher SLA) than
non-AMF leaves (Table 1). The trend of higher leaf area ratio (LAR) (data not
presented) in AMF plants suggests a larger photosynthetic area per plant (greater
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LAR) in relative terms, as a result of carbon cost necessary to maintain AMF
associations (4). There was a reduction of SLA and LAR with HCO3-treatment,
which supports that HCO3-stressed plants had thinner leaves and reduced leaf
photosynthetic area per plant biomass.
In general, AMF plants had signiﬁcantly increased leaf nutrient concentration and
content (N, P, and Fe presented) than non-AMF plants. Arbuscular mycorrhizal
fungi may enhance nutrient acquisition with a more extensive root absorption
system via extraradical hyphae access to nutrients outside the zone of nutrient
depletion that develops close to roots, and enzyme activation of AMF roots and
hyphae (5). Arbuscular mycorrhizal fungi may also tolerate adverse external pH
conditions by modifying the pH of the mycorrhizosphere during nutrient uptake.
Increased P nutrition as a result of AMF associations may also indirectly increase
uptake of other ions, including N, Fe, and other ions. Root acid phosphatase
(ACP) (data not presented) decreased and alkaline phosphatase (ALP)
enzymatic activity increased at higher HCO3- levels (Fig. 1). Although leaf tissue
P of AMF plants was higher at 2.5 and 5 mM HCO3-stress, ACP and ALP activity
was not greater than that of non-AMF plants.
The effect of AMF was reduced by increasing HCO3-, which may be due to the
high pH associated with increasing HCO3-. Arbuscule formation–the arbuscule
is where the exchange of carbon and ions takes place between the symbiont
and host plant–was more sensitive to HCO3- stress than hyphae development.
The pH of the container leachate reached as high as 8.5 during the study, which
shows the tolerance of the ZAC-19 species isolate to higher pH conditions,
even though the symbiont was initially isolated from sandy-loam soil with a pH
of 5.4. While reduced, AMF colonization still occurred at the highest HCO3concentrations.
We suggest that if this study had been conducted using a commercial, nursery
substrate with a higher buffering capacity, rather than the low buffering capacity
of the sand substrate used, the beneﬁcial AMF effect for enhanced plant
tolerance may have been much greater at higher HCO3-.
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Figure 1. Effect of bicarbonate (HCO3-) and arbuscular mycorrhizal fungi (AMF)
on root alkaline phosphatase (ALP) activity in Rosa multiﬂora cv. Burr. (A)
Soluble ALP activity. The interaction of AMF x HCO3- was signiﬁcant (P
P ≤ 0.05),
while HCO3- and AMF were nonsigniﬁcant. Means ± SE, (n = 3). (B) Wall-bound
ALP activity. The effect of HCO3- was signiﬁcant (P
P ≤ 0.01), while AMF and the
interaction of AMF x HCO3- were nonsigniﬁcant. Means ± SE, (n = 3).
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6.1±0.4
7.4±0.4
5.7±0.3
6.7±0.5

Speciﬁc leaf area.

**
***
NS

Leaf
DM
(g)
4.4±0.5x
5.0±0.3
2.8±0.3
3.9±0.3
2.4±0.2
3.1±0.2
2.1±0.1
2.6±0.2

y

No
Yes
No
Yes
No
Yes
No
Yes

AMF
Inoculat.

z

Signiﬁcanceu
AMF
HCO3Interaction

10

5

2.5

0

HCO3(mM)

**
***
NS

2.4±0.3w
2.6±0.1
1.5±0.1
2.1±0.2
1.1±0.1
1.4±0.1
1.0±0.1
1.2±0.1

P
(g·kg-1)

Table 1. Effect of bicarbonate (HCO3-) and arbuscular mycorrhizal fungi (AMF) on growth of Rosa multiﬂora cv. Burr plants.

**
***
*

66.9±3.2w
70.1±2.7
38.0±2.4
69.0±6.5
33.6±2.5
52.1±4.2
34.5±5.7
44.6±6.2

Fe
(µg·g-1)
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Francesco Ferrini1, Riccardo Gori2,
Claudio Lubello2 and Francesco Paolo Nicese3
1
University of Milan, Dipartimento di Produzione Vegetale,
Via Celoria 2, Milan, Italy 20133
2
Univ. of Florence, Dipartimento di Ingegneria Civile,
Via S. Marta 3, Florence, Italy 50139
3
Univ. of Florence, Dipartimento di Ortoﬂorofrutticoltura,
Viale delle Idee, 30, Sesto Fiorentino, Italy 50019
francesco.ferrini@unimi.it
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Signiﬁcance to Industry: In most areas with concentrated nursery production,
irrigation water supply has become a major concern due to more frequent
drought periods and high evapotranspiration. We are now facing an increased
impact of water use on available water resources so that, in this scenario, it is
important to evaluate alternative irrigation sources. Treated municipal wastewater
can be an alternative source of water and fertilizer nutrients for ornamental plant
production, since nutrients are present in a usable form and, in general, do not
require any additional energy input to make them available to plants. Moreover,
the potential physical, chemical, or biological potential problems that can be
associated with efﬂuent water applied to edible crops are not as much of a
concern for ornamental plant production.
Nature of Work: Ornamental plant production is the most economically important
nursery activity in Tuscany (Central Italy) comprising more than 14,000 acres
(30.2% of the national nursery surface). The annual water consumption for
ornamental plant production in this area is estimated to be around 3-4 billion gal
with a signiﬁcant increase expected over the next 10 years due to an increase
in container production area. In this context, a veriﬁcation of the possibility
of reusing treated wastewater for irrigation purposes, making groundwater
resources available for other purposes, becomes extremely interesting. To this
purpose a long-term project was begun using municipal wastewater on different
container-grown species, as reported in Table 1. A new project on industrial
wastewater is in progress.
In the ﬁrst year of the project, one-year-old uniform cutting-propagated plants
of three ornamentals (Table 1) were placed in 3 liter (7 inches dia.) black plastic
containers using a peatmoss-pumice medium (3:2 by vol) supplemented (F)
or not (NF) with 5 kg/m3 (8.4 lb/yd3 or 0.5 oz/pot) of a slow-release fertilizer
(Osmocote Plus 5-6, 14N-14P2O5-14K2O and 18-11-10 microelements,
Scotts Co., Marysville, OH). Sprinkle irrigation was provided from two sources:
treated sewage efﬂuent from the nearby wastewater treatment facility (RW) and
well-water after ponding (WW) (Table 2) from the nursery where the research
plots were located. A 30-minute irrigation, which delivered 7 mm of water
(0.3 inches), was applied twice a day.
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The sewage efﬂuent in all the experiments was treated by a biological plant with
primary and secondary treatment, and biological denitriﬁcation. The portion of
the efﬂuent used in the irrigation test was then treated with UV irradiation in a
pilot plant to achieve the national quality standard. Following a 6-month growing
period (June to November), plants were evaluated for growth.
In the second year it was decided to evaluate the capability of tertiary efﬂuent
to maintain good plant growth and so 600 (100 per each species) (Table 1)
cutting-propagated plants were selected and planted with the same pot-substrate
combination previously used. Irrigation water was provided from two sources:
tertiary efﬂuent from the nearby wastewater treatment facility (TW) and fertigated
well-water (FW). Fertigation, in accordance with standard nursery practice, was
adjusted to 800 to 1200 µS/cm1 water conductivity, with a N/P/K ratio of 1.5:1:1
changed to 1:1:1 90 days into the growing season. The third year employed
6 different ornamental species (Table 1) and was characterized by the use of
well water (WW), recycled water (RW), and CO2-enriched recycled water. The
purpose of CO2 enrichment was to decrease the pH (~7.8 in the RW) and thus
have higher availability of plant nutrients. Then, in July, the plants were fertilized
(F) or not (NF) with 8.4 lb/yd3 (0.5 oz/pot) of Osmocote Plus 5-6 to get information
on the effect of mid-season reapplications of fertilizer with recycled waters.
Results and Discussion: The results obtained using municipal wastewater
indicate no major limitations to the use of tertiary efﬂuent as an irrigation source
in a plant nursery (1, 2, 3). In the ﬁrst trial, after 23 weeks, Abutilon showed no
difference in Total Dry Mass (TDM) with regard to the kind of water used (Fig. 1);
on the other hand, Viburnum and Weigelia plants irrigated with RW had a strong
increase in top-growth and, consequently, showed a TDM signiﬁcantly higher
than those irrigated with well water. More speciﬁcally, Abutilon seemed to be
more sensitive to fertilization than to RW irrigation; Laurustinus (Viburnum tinus)
had a linear response in relation to both fertilization and irrigation source, while
Weigelia showed a higher dry weight enhancement in response to RW regardless
of fertilization. In the second experiment, the nutrient content of the tertiary
efﬂuent maintained good plant growth as did fertigated water, with the exception
of Arbutus plants (Table 3). In the latter case, the FW plants showed a total
growth signiﬁcantly higher than TW plants, due to a higher shoot growth with FW
given a greater N (N as NH4+ and N as NO3-) supply. Juniper and myrtle plants,
on the other hand, did not show any remarkable difference for shoot and total
growth, though they both showed better root growth in RW plants. Again, nitrogen
could be responsible for such effect. Cypress and Weigelia plants did not show
any signiﬁcant difference in both shoot and root growth regardless of the water
source. In the third experiment, irrigation with RW signiﬁcantly enhanced plant
growth in Viburnum, Pittosporum, and Fraxinus, while no differences were
detected in Cupressus, Juniperus, and Weigelia (Fig. 2). RW-CO2 enrichment
did not show any remarkable effect with the exception of Pittosporum. Finally,
the mid-season reapplication of fertilizer had no signiﬁcant effect on plant
growth, with the exception of Weigelia, a species that has always shown a high
fertilization requirement.
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Table 1: Species used in the different experiments.
1st year
Abutilon ‘Kentish Belle’
Viburnum tinus
Weigelia ﬂorida

2nd year
3rd year
Arbutus unedo
Cupressus sempervirens
Cupressus sempervirens
Fraxinus angustifolia
Juniperus horizontalis
Juniperus horizontalis
Myrtus communis,
Pittosporum tobira
Spiraea japonica
Viburnum tinus
Weigelia ﬂorida
Weigelia ﬂorida

Table 2: Physical properties and mineral content of both the efﬂuent and well
water. Data are mean values, n = 25.
Parameter
pH
Conductivity
Sediment after 120 min.
Total suspended solids
Turbidity
Phosphate
Ammonium
N-NO2
N-NO3
Potassium
Calcium
Magnesium
Hardness
Chloride
Sodium
SAR
Cadmium
Chromium
Iron
Manganese
Nickel
Lead
Copper
Zinc
574

Units
[µS/cm]
[ml/l]
[mg/l]
[NTU]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[°F]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]
[mg/l]

Efﬂuent
7.81
655
0.0
6.35
5.1
0.72
0.906
0.095
5.67
15
62.6
8.5
18.5
70.7
91
2.7
(not detectable)
0.11

Well water
7.26
441
0.0
4.5
4
0.063
0.008
1.2
35.5
23.3
18.3
31.9
39.3
1.3
0.13
1.14
0.047
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Table 3: Effect of different water treatments (T = tertiary efﬂuent, F = fertigated
water) on dry matter (g) accumulation, leaf area (cm2) and shoot:root ratio in
Arbutus, cypress, juniper, myrtle, Spiraea and Weigelia after 23 weeks.

Species
Arbutus - 1.62*

FW
TW
Cypress - 6.90* FW
TW
Juniper - 10.63* FW
TW
Myrtle - 1.90* FW
TW
Spiraea - 4.97* FW
TW
Weigelia - 3.98* FW
TW

Dry matter
Shoot
Root
59.52 a
29.83 b
32.17 ns
28.57 ns
34.77 ns
35.43 ns
66.56 ns
58.65 ns
15.01 a
8.90 b
17.35 ns
16.70 ns

7.96 ns
7.06 ns
5.59 ns
7.24 ns
7.66 b
13.92 a
14.02 b
18.57 a
16.00 ns
18.23 ns
19.54 ns
18.02 ns

Total
67.48 a
36.89 b
37.76 ns
35.81 ns
42.43 ns
49.35 ns
80.58 ns
77.22 ns
31.01 ns
27.13 ns
36.89 ns
34.72 ns

Leaf
area
13.06 a
9.08 b
2.49 ns
2.30 ns
2.30 ns
2.28 ns
15.54 ns
12.19 ns

Shoot:
Root
7.5 : 1 a
4.2 : 1 b
5.7 : 1 a
3.9 : 1 b
4.5 : 1 a
2.5 : 1 b
4.7 : 1 a
3.2 : 1 b
0.9 : 1 a
0.5 : 1 b
0.9 : 1 ns
0.9 : 1 ns

*Initial dry matter of plants. Data are mean values, n = 6. Means between treatments with different letters
are signiﬁcantly different at P≤0.05.

Figure 1. Effect of different water and fertilization on growth (grams dry matter)
of Abutilon (A), Viburnum (B) and Weigelia (C) after 23 weeks. Data are mean
values, n=6. WW = well water, RW = recycled water, F = fertilized, NF = not
fertilized. Means between treatments with different letters are signiﬁcantly
different at P ≤ 0.05.
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Figure 2. Effect of different water and fertilizer reapplication on growth (in grams)
of Cupressus (A), Viburnum (B), Juniperus (C), Pittosporum (D), Fraxinus (E)
and Weigelia (F) after 25 weeks. Data are mean values, n=6. WW = well water,
RW = recycled water, CO2 = RW enriched with CO2, F = fertilizer reapplication,
NF = no fertilizer reapplication. Means between treatments with different letters
are signiﬁcantly different at P ≤ 0.05.
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Irrigation Scheduling: An Overview of the
Potential to Integrate Modeling and Sensing
Techniques in a Windows-based Environment
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John D. Lea-Cox2 and George Kantor3
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Index Words: Water management, Efﬁciency, Computer interface, Plant
water use
Signiﬁcance to Industry: We describe a ﬂexible system for the visual
interpretation of spatially explicit irrigation data within a pc windows based
Graphical User Interface (GUI). This will allow us to better estimate plant water
use and more precisely manage day-to-day irrigation scheduling for nursery
operations on a wide scale. The goal is to provide an intuitive user interface to
manipulate and organize environmental and soil moisture data for automatic
input into a decision support tool. This user-friendly access to process-based
plant transpiration models will be an effective way to increase their application
beyond the research community. The GUI will allow access to this powerful
decision support system through a user-friendly computer interface, without any
reduction in information precision of the irrigation scheduling model.
Nature of Work: Although mechanistic or process-based approaches to irrigation
scheduling are powerful tools that can be used to provide insights into nursery
water use dynamics, they are often written in arcane computer code, involve
complex mathematical equations, and lack a user-friendly GUI that operates
inside a pc windowing environment. The aforementioned limitations prevent
most irrigation models from being used by more than a handful of researchers,
let alone beyond the research community. For the purpose of the application
of process-based irrigation management, we have developed a GUI that
standardizes model/interface coupling and simpliﬁes end user operation. The
original objective of this work was to couple a tree process-based transpiration
model to a generic GUI. In so doing, we expanded on the concept by including
a wireless node network to relay environmental and soil moisture data directly
to a base station for direct model input. We discuss our system and the potential
application of an automated irrigation system that calculates plant water
consumption from species and genotype-speciﬁc plant physiological responses.
To accomplish accurate water use predictions, our model simulates transpiration
in complex canopies using detailed information on leaf area, leaf distribution,
and physiology. The application of physiological equations, where calculations
are done on volumetric sub volumes of the tree crown and then summed and/
or averaged for individual crown layers or whole crowns, generates irrigation
estimates by using plant water use as an indicator of irrigation requirements.
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Results and Discussion: Precise water application, based on actual plant water
use, could have at least a ten (1) to twenty-fold (2) reduction in current nursery
water application rates. Although water restrictions are becoming more common,
recent advances in the ability to automatically collect and disseminate data in
the ﬁeld could offset the ﬁnite water resources by allowing growers to increase
their water use efﬁciency. Wireless sensor networks, such as the system
developed at Carnegie Mellon University (3) are particularly well suited to the
needs of data collection in horticultural environments. When placed in the ﬁeld,
the nodes automatically ﬁnd each other to create a wireless network. Collected
data is then automatically relayed to a central point, from which it can be made
available as model input. The ability to collect data in this manner has already
been demonstrated in a production nursery setting; however, integration of all
aspects (data collection, model coupling, and user output) is currently under
development. Figure 1 below illustrates how the environmental and physiological
data can be automatically integrated into the species-speciﬁc transpiration model.
Model estimates of water use and plant water requirements are output and used
to both make irrigation decisions (command executed by a sensor node) and
visualize model updates via the GUI. Figure 2 illustrates a schematic diagram of
the environmental sensors connected to the wireless network and coupled to the
model used for simulations (captured computer screen model output in the GUI
is the right side of Fig. 2). Within each time step, the model adjusts transpiration
based on interactions between environmental, soil moisture, and plant
physiological response. For example, the substrate moisture deﬁcit calculation
is as described in Bauerle et al. (1). The updated substrate moisture is carried
into the next time step for input into the substrate moisture deﬁcit subroutine. The
calculated moisture deﬁcit value is one of the input values required to calculate
the amount of stomatal conductance regulation and hence, interacts with other
equations to derive whole plant water use. Overall, the GUI provides a user
friendly interface to a behind the scenes system. In this conﬁguration, whole
tree estimates can be rapidly visualized for either computerized or human based
irrigation decision management.
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Figure 1. Environmental and physiological data is automatically integrated into
the species-speciﬁc transpiration model. Model estimates of water use and
plant water requirements are output and used to both make irrigation decisions
(command executed by a sensor node) and model updates.

Figure 2. Schematic diagram of the environmental sensors connected to the
wireless network and coupled to the canopy model used for simulations (captured
computer screen model output in Graphical User Interface for Crop Simulators
is the right side of Fig. 2). Within each time step, the model adjusts transpiration
based on stomatal conductance regulation. The substrate moisture deﬁcit
calculation is as described in Bauerle et al. (1). The updated substrate moisture
is carried into the next time step for interaction with substrate subroutines.
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Use of Plant Systems for Mitigating
Environmental Impacts of Pesticides
E. Kudjo Dzantor, Deborah E. Long and Theophilus Amenyenu
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Tennessee State University, Nashville, TN 37209
edzantor@tnstate.edu
Index Words: Pesticides, Dursban, Talstar, Flagship, Chlordane, Soil and water
contamination, Phytoremediation
Signiﬁcance to Industry: Major pest and pathogen infestations in agriculture,
including the nursery industry, necessitate large scale use of chemical control
agents including insecticides and fungicides. Such use usually results in
intrusions of the chemicals into water resources, where they pose threats to
human and ecological health. The use of plant remediation systems has emerged
as the method of choice for removal or destruction of undesirable levels of a
broad range of chemical contaminants in the environment. The phenomenon,
which is also known as phytoremediation, offers growers a cost-effective and
environmentally desirable best management practice (BMP) for mitigating
potential adverse impacts of pesticides in the environment.
Nature of Work: Plant systems have long been used in such operations as
waste water treatment; however, their concerted use to clean up unwanted
intrusions of man-made chemicals in the environment is relatively recent.
Accordingly, there are still aspects of the approach that need to be explored
before they can be fully deployed as routine practices in the ﬁeld. For example,
plant systems differ considerably in their abilities to accelerate removal of
a speciﬁc contaminant (1, 2). This is compounded by the large diversity of
chemicals that are in use today. It is therefore important to increase our
understanding of the processes by which plants help to render toxic chemicals
harmless in the environment. This in turn will allow us to further improve the
processes and tailor plant systems to destroy broader ranges of chemicals.
The purpose of our studies is to increase our understanding of the processes
involved in plant-facilitated removal of pesticide contaminants, so we may be
able to improve them further. One pesticide that is currently used as a quarantine
chemical to control the Japanese beetle in nursery production is dursban
(chlorpyrifos). The EPA has not eliminated the agricultural use of dursban at this
time; however, growing concerns about the chemical’s human and ecological
impacts suggest that its future use could be restricted. Accordingly, alternatives
are being sought as replacement. Dursban is being considered to be phased out
of use; accordingly, alternatives are being sought as a replacement. Among the
alternatives being tested are ﬂagship (thiamethoxam), a neonicotinoid insecticide,
and talstar (bifenthrin), a synthetic pyrethroid. We are investigating the abilities of
four native grasses and three legumes to accelerate disappearance of dursban,
ﬂagship, and talstar from soil contaminated with the pesticides. We are also
investigating the abilities of the plants to accelerate the dissipation of chlordane
in soil. Chlordane was once an effective insecticide for control of a wide range of
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insect pests. It was banned by the EPA in 1988 because of its adverse human
health and environmental impacts. Still, the pesticide has continued to be cited
as a pollutant in various sediments in Tennessee. The grasses selected for these
studies are eastern gammagrass (Tripsacum dactyloides), switchgrass (Panicum
virgatum), Indian grass (Sorghastrum nutans), and big blue stem (Andropogon
gerardii). The legumes are alfalfa (Medicago sativa), sericea lespedeza
(Lespedeza cuneata), and crown vetch (Corionilla varia).
Results and Discussion: Preliminary observations on dissipation of dursban,
chlordane, and ﬂagship in soils planted with the native grasses are shown in
Table 1. Experiments on dissipation of talstar from soils planted with grasses
and legumes, and those of dursban, chlordane, and ﬂagship from soils planted
with legumes are either ongoing or they are awaiting chemical analysis. After
12 weeks under different grass vegetations, chlordane showed no trend toward
dissipation. This is not surprising as the insecticide belongs in the family of
insecticides classiﬁed by the United Nations Environmental Programme (UNEP)
as persistent organic pollutants (POPs). Such compounds require more than
planting for their removal from contaminated matrices. Between 67-70% of initial
levels of dursban dissipated under different grasses, but so did 64% in unplanted
soil. Neither the differences among dursban recoveries from planted soil nor
those between planted and unplanted soil were signiﬁcant (α=0.05). Between
45 and 63% of initial levels of ﬂagship dissipated under different grasses;
however, levels in unplanted soil remained unchanged. The differences in
ﬂagship recoveries among planted soils were not signiﬁcant; however, recoveries
in all planted soils were signiﬁcantly different from that in unplanted soil (α=0.05).
Similarity in recoveries of dursban in planted and unplanted soil suggests that
disappearance of the insecticide was largely due to microbial degradation, as
has been reported previously (3, 4). From a practical standpoint, stimulation of
microbial populations in dursban-contaminated soil would result in accelerated
disappearance of the insecticide. This process, also known as biostimulation,
may be accomplished by soil amendment with substrates (5) and/or correction
of other nutrient or physicochemical characteristics that impede biodegradation.
However, it is important to note that caution must be observed in the selection of
the biostimulation agent or process. Certain soil amendments may simply sorb
some contaminants to extents at which they are gradually desorbed back into the
environment. Additionally, physical alterations to improve aeration and moisture
regimen to enhance biodegradation can lead to greater mobility of contaminants
into unintended sites. In contrast to chlordane and dursban, disappearance of
ﬂagship from soil was inﬂuenced by the four grasses tested. Large variability in
ﬂagship recoveries from switchgrass and big blue stem rhizospheres prevented
us from discerning whether indeed different grasses enhanced dissipation of
the pesticide to different extents. At the time of this presentation, it would be
eight weeks into a repeat of ﬂagship experiments meant to verify our previous
observations. From a technical standpoint, the results of ﬂagship dissipation
afford us an opportunity to examine soil attributes that made the difference
between planted and unplanted soil.
A number of attributes account for plants’ abilities to enhance removal of
organic chemicals from the environment. First, some plants can take up and
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translocate certain contaminants into their shoots where they are metabolized
in ways that are identical to liver metabolism of toxic organic molecules in
animals (including humans). This plant process is known as phytodegradation.
Another major process that accounts for plants’ abilities to remove or render
organic contaminants innocuous involves a unique interaction between plants
and microbes in which plant-supplied substrates (exudates) in the root zone
(rhizosphere) stimulate overall microbial populations, or cause induction of
speciﬁc enzymes in competent microorganisms for degradation of certain
contaminants. This plant-aided process of biodegradation in the rhizosphere is
called rhizodegradation.
Of the two major processes rhizodegradation is more readily amenable to
manipulation to enhance contaminant removal further. Phytodegradation is
limited by plants’ abilities to take up and translocate certain chemicals into
their shoots (see review by Dzantor and Beauchamp (6)). Additionally, plant
metabolism can result in hazardous intermediates that may persist long
enough for human and wildlife exposure. If indeed rhizodegradation was the
dominant process involved in the disappearance of ﬂagship from soil during our
experiments, then by making a comparison between speciﬁc characteristics
in unplanted and planted soils, we can begin to have a greater understanding
of the major contributors to dissipation of the insecticide. We have begun
experiments to study microbial populations and root exudates in grass
rhizospheres contaminated with ﬂagship. Information from these and other
experiments will allow us to develop plant systems to accelerate dissipation of
the insecticide further.
Acknowledgement: Funding for this project was provided by USDA/CSREES
Evans Allen Grant.
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Table 1. Dissipation of three insecticides in rhizospheres of four grasses1.

% of initially added insecticide recovered after 12 weeks

1

Plant

Chlordane

Dursban

Flagship

No plant

111.5 (17.2)a

36.2 (2.3)a

94.4 (18.2)b

Gammagrass

97.9 (9.0)a

29.7 (1.5)a

37.0 (1.6)a

Switchgrass

107.3 (9.5)a

32.7 (0.0)a

45.4 (21.2)a

Indian grass

84.4 (38.0)a

31.7 (3.4)a

45.4 (7.0)a

Big blue stem

99.0 (11.8)a

33.3 (5.2)a

54.6 (20.5)a

Numbers in parentheses are standard deviations of means of triplicate determinations. Means within a
column followed by the same letter are not signiﬁcantly different according to Duncan’s Multiple Range
Test (α =0.05).

Water Management Section

583

SNA RESEARCH CONFERENCE - VOL. 50 - 2005

Using Substrate Water Content to Control Irrigation
of Containerized Maples and Elms
Marc van Iersel, Krishna Nemali and Sue Dove
Department of Horticulture, The University of Georgia, Athens, GA 30602-7273
mvanier@uga.edu
Index Words: Soil moisture, Water-use efﬁciency, Drought, Water stress
Signiﬁcance to Industry: More efﬁcient irrigation approaches are needed to
reduce water use and runoff potential from nurseries. In this study, we used soil
moisture sensors to irrigate only when the substrate volumetric water content
(VWC) dropped below a certain set point. Using this approach we were able
to prevent drought stress, but care has to be taken that the VWC set point for
irrigation is not too high. If this set point exceeds the water holding capacity of
the substrate, excess irrigation will occur. By choosing the proper set point, runoff
and drought stress can be largely eliminated, resulting in good plant growth with
minimal environmental impact.
Nature of Work: Efﬁcient water use in nurseries is increasingly important due
to concerns about water availability and runoff. However, there is little reliable
information available on how much water containerized trees actually need. Such
information could be used to irrigate plants based on actual plant water use. One
way this can be achieved is by monitoring the moisture level of the substrate and
automatically replenishing it as needed. One piece of information that is lacking
for the use of such automated irrigation systems is how much water needs to be
present in the substrate to prevent drought stress. The objective of this research
was to determine the effect of different substrate water levels on the growth of
two different species, maple and elm.
In February and March 2004, 20-cm long ECH2O probes (Decagon, Pullman,
WA) were calibrated for measuring the VWC of a pine-bark-based substrate.
There was a close correlation between the substrate VWC and the voltage
output (V) from the probes (VWC = -29.9 + 99.46 x V; r = 0.97), indicating that
these probes can be used to measure the VWC of bark-based substrates.
Subsequently, ECH2O probes were installed at a 40º angle in 32 15-gallon
containers ﬁlled with substrate, with the lower tip of the probe 2” above the
bottom of the container. ‘Bosque’ elms and ‘October Glory’ red maples were
planted on March 23, 2004. Trees were grown under realistic production
conditions at the Southeastern Growers’ nursery (Watkinsville, GA). To help the
trees to get established, the target VWC for all plots initially was set at 35%.
The different irrigation treatments were started on April 8, when the target VWC
for the different plots was set at 15, 20, 25, or 30%. The moisture level of the
substrate was monitored and controlled with ECH2O probes connected to a data
logger and control system. In early June, it became clear that some trees (lower
moisture treatments) did not receive adequate water, and the target VWC in all
treatments was increased by 10%, to 25, 30, 35, and 40%. Data collection during
the experiment included substrate VWC measurements, the amount of water
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applied in each treatment (daily), monthly measurements of tree caliper, and leaf
photosynthesis (CIRAS-1, PP Systems) and leaf water potential (thermocouple
psychrometers) during mid-summer.
The experiment consisted of a total of 16 plots (8 plots of elms and 8 plots of red
maples), with each plot consisting of two rows of 8 plants. Within each plot, two
containers near the center of the plot contained ECH2O probes. The average
of the measurements from these two probes was used to make decisions
concerning when to irrigate. There were four VWC treatments (initially 15, 20,
25, and 30%, later increased to 25, 30, 35, and 40%; these latter levels are
used in the rest of this paper), and for each species, each VWC treatment was
replicated twice.
Results and Discussion: Irrigation: Figure 1 depicts typical changes in the VWC
of the substrate, and some of the challenges encountered in this experiment.
In this particular treatment, the set point for irrigation initially was set at 25%.
However, even after 70 days without irrigation, the VWC in the bottom of the
containers was above the set point of 25%, and the plants were never irrigated
during this period. The irrigation set point was increased to 35% on day 70, and
the plants were irrigated shortly afterwards (day 70 to 73). From day 80 to 85,
there was a steady drop in VWC, and plants were watered very frequently on day
86 to 90. However, because the spray stake in one of the two containers with an
ECH2O probe in this plot had become disconnected, the VWC in this container
did not increase as the result of the irrigation, and the average VWC of the two
containers with ECH2O probes did not reach 35% until it rained on day 90. The
irrigation system worked well from day 90 until day 150, when a power outage
occurred. Due to this power outage, plants could no longer be irrigated with the
automated setup. This problem was discovered on day 157 and the trees were
hand-watered until day 160. Although power to the nursery was restored at
that time, the power to the irrigation system had been unplugged, and this was
not discovered until day 164. After this problem was ﬁxed, the irrigation system
maintained the VWC above 35% until the end of the experiment, although very
little irrigation was needed to do so.
The total cumulative time that trees were irrigated differed between the two
species. Irrespective of the irrigation set point, elms were irrigated more
frequently than red maples (Fig. 2). The total duration of the irrigation was low in
the 25 to 35% treatments (approximately 5 hours for the maples and 12 hours
for the elms, at 30 gallons per hour), and much higher in the 40% treatment (88
hours for the elms, 71 hours for the maples). The long duration of irrigation in the
40% treatments was due in part to an inability to raise the water content of the
substrate to the 40% set point. During the latter part of the experiment, the plants
were irrigated 72 minutes a day (36 gallons, the maximum daily irrigation with this
setup), yet the VWC did not increase to 40%, due to rapid drainage. Irrigation in
the 40% treatments was clearly excessive.
Growth and physiology
physiology: The caliper of the trees increased in a sigmoid pattern
in all treatments. There was little or no increase in caliper during the ﬁrst 70 days
of the growing season and a rapid increase in caliper from day 70 to day 170,
after which the caliper remained the same. Thus, there is an approximately three
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month period (June to August) during which practically all increase in caliper
size occurred. The ﬁnal caliper of the maples was not affected by the irrigation
set point, and maple caliper increased by approximately 22% in all treatments
(Figure 3). Final elm caliper increased with increasing substrate VWC set
point, from 114% of the initial caliper in the 25% treatment (and with hardly any
irrigation) to 121% in the 40% treatment, with excess irrigation during the latter
part of the experiment.
The effects of the VWC substrate on the caliper of the two species are consistent
with the effects of leaf water potential on leaf photosynthesis (Fig. 4). Leaf
photosynthesis of red maples, whose caliper was not affected by the substrate
VWC set point, was not affected by leaf water potential. Leaf photosynthesis
of elm, whose caliper size did respond to the irrigation treatments, increased
with increasing leaf water potential, indicating that elm is more sensitive to
drought conditions than red maple. Red maple had a low photosynthetic
rate (approximately 7 µmol m-2 s-1) compared to elm (7 to 23 µmol m-2 s-1).
Red maples also had a lower leaf transpiration rate than elms (4.0 versus
5.7 mmol m-2 s-1), which may explain why maples needed to be irrigated less
frequently than elms (Figure 2).
Overall, it was possible to control irrigation of nursery containers with ECH2O
probes, although some problems occurred related to power outages as well
as malfunctioning spray stakes. The set point at which containers are irrigated
needs to be carefully chosen. If the set point is higher than the water-holding
capacity of the substrate, excess irrigation will occur, while a low set point
may result in drought stress and reduced growth. This irrigation approach
has important practical applications, since it allows for irrigation based on the
actual water needs of the plants, while minimizing runoff and excess water use.
Automated controllers that can use ECH2O probes are now available. To further
reﬁne this method of irrigation, more studies are needed to ﬁnd the optimal set
point for irrigation, as well as to determine the optimal placement of probes in a
container (top, middle or bottom part of the container?).
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Fig 1. The volumetric water content (left Y-axis, solid line) and cumulative
duration of irrigation (right Y-axis, dashed line) in a typical plot. The irrigation set
point is indicated by the two vertical lines (i.e. the VWC should always be above
this line). There was a power outage from day 150 until day 164.

Fig 2. The total cumulative time that plants were irrigated in the various
volumetric water content treatments. The trees received approximately 30 gallons
per hour of irrigation and were grown for approximately 9 months. Irrigation in
the 40% treatment was excessive, because this set point was above the water
holding capacity of the pine-bark substrate.
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Fig 3. The correlation between set point for the substrate volumetric water
content and the increase in caliper of maples and elms (caliper size at the start of
the experiment was set at 100%). The caliper of the elms responded signiﬁcantly
to the VWC set point (P=0.05), while that of the maples did not.

Fig 4. The correlation between leaf water potential and leaf photosynthesis of
elms and maples (measured on August 9). Leaf photosynthesis of elm increased
with increasing water potential, while maple photosynthesis was not affected.
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Acclimation to Prolonged Water Deﬁcit in Four
Birch Taxa: Gas Exchange and Growth
Mengmeng Gu1, Curt R. Rom1 and James A. Robbins2
University of Arkansas, Dept. of Horticulture, Fayetteville, AR 72701
2
University of Arkansas, Cooperative Extension Service, Little Rock, AR 72203
mgu@uark.edu
1

Index Words: Birch, Betula (L.), Water deﬁcit, Gas exchange, Growth
Signiﬁcance to Industry: Birch is an important landscape tree but is highly
variable in its environmental adaptability. Selecting the correct genotype for a
speciﬁc environment is critical. Recommendations for genotype selection should
be based on objective testing of ﬁeld performance and physiological evaluation.
These data provide useful information to breeders, landscapers, and nurserymen
in selecting drought tolerant birch genotypes based on measured growth and
gas exchange responses to prolonged water deﬁcit. Observations indicated that
three of the four birch expressed three stages of photosynthetic response when
exposed to soil water deﬁcits.
Nature of Work: Betula L., especially white-barked birch genotypes, are popular
woody ornamental plants in the northern United States. Their natural habits are
usually humid and cool sites (1). Water deﬁcits are a major environmental stress
to birch genotypes in landscape and nursery production. Four birch genotypes
(Betula alleghaniensis Britton, B. davurica Pall., B. nigra L. ‘Heritage®’, and
B. papyrifera Marshall) were chosen for physiological evaluation based on
their ﬁeld performance (2). Two-year old seedlings were planted into 1-gallon
pots with Sun Gro SB500 media (Sun Gro Horticulture, Inc., Bellevue, WA)
on February 20, 2004, and grown in an outdoor lathhouse until moved into a
greenhouse (University of Arkansas-Fayetteville) on April 15, 2004. Ten grams
Osmocote 14-14-14 (Scotts, Marysville, OH) was applied at planting. Shoots
were trained to a single leader.
Plants were watered daily to container capacity until experiments were started on
May 2, 2004. The ﬁrst set of gas exchange and water potential measurements
were taken on days 0-6, 9, 12, 15, 18, 21, 24, 27, 30, 33, and 36 after treatment.
The combined weight of the container and plant was taken daily at 6:00 AM.
For the water deﬁcit treatments, water was withheld until the combined weight
of container and plant dropped below 40% of its original combined weight. A
requisite volume of water was applied to each container to reach 40% of its
original combined weight. Control plants were watered daily to container capacity.
The experiment was repeated on June 4, 2004 using a different set of trees. In
the replicated experiment, measurements were taken on days 0 to 5, 8 to 11, 17,
19, 22, 24, 25, 31, and 35 after treatment.
Predawn leaf water potential was measured at 6:00 AM with PST 55-15
thermocouple psychrometers connected to a Wescor HR-33T microvoltmeter
(Wescor, Inc. Logan, UT). The ﬁfth most recently expanded leaf was tagged
at the beginning of the experiment. Leaf gas exchange was measured from
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8:00 AM to 12:00 PM with CIRAS-1 (PP Systems, Haverhill, MA) infrared gas
analyzer with the Parkinson’s leaf cuvette. Gas exchange measurements were
taken on the tagged leaf on all dates to minimize variability due to leaf age and
position. The microprocessor was set to maintain cuvette conditions of 360 ppm
CO2, 25 °C, and 1300 µmol m-2 s-1 PAR. Initial and ﬁnal growth measurements
included tree height and trunk caliper measured at 10 cm above the soil line.
Abscised leaves were collected from each tree daily and leaf area was measured
using a Li-Cor Li-3000 leaf area meter (Li-Cor, Inc., Lincoln, NE). At the end of
experiment, all intact leaves on each tree were harvested and leaf area was
measured.
The experiment involved two factors (four genotypes and two moisture
treatments) with ﬁve or six replications arranged in a completely randomized
design. Analysis of variance (ANOVA) was used to separate the effect of
genotypes, treatment, and the interaction for those variables in which a factorial
design (4 genotypes x 2 treatments) was adopted (leaf area and growth rate).
Data were subjected to PROC MODEL analysis (SAS Institute, Cary, NC) to
produce the best-ﬁt trend lines of gas exchange response to prolonged water
deﬁcit. All gas exchange data are presented as the ratio of water-deﬁcit plants to
control plants for the variables net photosynthesis (Pn), stomatal conductance
(Gs), and evapotranspiration (Et) to minimize variability due to environmental
effects variance.
Results and Discussion: When media water deﬁcit was imposed, the ratio of
net photosynthesis for water-deﬁcit plants to control plants (Pnwd/c) decreased for
all four birch genotypes. This was immediately followed by an increase in Pnwd/c
before Pnwd/c became relatively constant except in B. papyrifera (Fig. 1). Based
on Pnwd/c, three stages of response were observed that described the water deﬁcit
effect on three of the birch genotypes investigated (excepting B. papyrifera).
Those response stages can be described as follows: Stage I (stress stage)
characterized by decreasing Pnwd/c and a negative trend line, Slope I; Stage II
(acclimation stage) characterized by increasing Pnwd/c and a positive trend line,
Slope II; and Stage III (adapted or tolerance stage) characterized by a constant
Pnwd/c and a horizontal trend line (slope = 0). The absolute value of Slope I
and the duration of Stage I described the rate at which birch expressed stress
effects due to water deﬁcit. The value of Pnwd/c at the end of Stage I indicated
the stress severity. The value of Slope II and the duration of Stage II described
tree acclimation to water deﬁcit conditions. At Stage III, plants had adapted to
the lower moisture level and established a new level of gas exchange. The value
of Pnwd/c at Stage III, which is also the value at the end of Stage II, indicated the
level of recovery from water stress.
Unlike the other three taxa, only two lines ﬁt Pnwd/c for B. papyrifera. It is possible
that Stage III would have been observed for B papyrifera if the experiment had
continued long enough. Based on the end point of Stage II, B. papyrifera would
have had the highest recovery level at Stage III (tolerance stage) among the four
birch genotypes. In this study, B. papyrifera had the shortest stress stage (Day 1
to 7), but the longest acclimation stage (Day 8-36). In contrast, B. alleghaniensis
had the longest stress stage (Day 1 to 18), but the shortest acclimation stage
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(Day 18 to19) to reach its tolerance stage (Fig. 1). However, its Pnwd/c recovery
was the lowest.
Stomatal conductance ratio of water-deﬁcit plants to control plants (Gswd/c) for
four birch genotypes was different from Pnwd/c (Fig 2.). Gswd/c decreased with
a similar slope to Slope I of Pnwd/c before reaching its lowest value earlier than
Pnwd/c in each genotype. Then, Gswd/c started to increase with a signiﬁcantly
lower slope than Slope II of Pnwd/c. At the end of the experiment, Gswd/c was still
increasing and B. davurica had signiﬁcantly higher Gswd/c than the others. Results
for Et were similar to Gs.
Under water deﬁcit, plants close stomata to reduce water loss from transpiration
thereby limiting Pnwd/c. Maintaining relatively high stomatal conductance helps
plants to keep a certain level of photosynthesis under water deﬁcit stress. The
suggestion has been made to pursue high Gs under water deﬁcit stress in
breeding programs (3). In this study, although Gswd/c and Pnwd/c at Stage I (stress
stage) were highly correlated (R2 = 0.80), the correlation was signiﬁcantly lower
(R2 = 0.54) at Stage III (tolerance stage), when a new level of gas exchange was
established. As reported in sunﬂower (4), acclimation did not depend solely on
stomatal closure but could be observed in photosynthetic metabolism.
Betula papyrifera and B. alleghaniensis had the most and the least abscised
leaves, respectively. ‘Heritage’ and B. davurica were less affected by water
deﬁcit in height and trunk caliper growth (data not shown). When evaluated
in combination with gas exchange data, maintaining a medium level of gas
exchange and leaf abscission might be the best strategy to adopt to sustain tree
growth. Although, the characteristic of leaf abscission may be a meaningful stress
tolerance strategy, it may not be an acceptable trait for the visual appearance of
a landscape tree.
This study has provided some insight into the physiological and morphological
response of four Betula genotypes to water deﬁcits. These observations,
combined with ﬁeld observations, will assist in development of recommendations
of birch genotypes for environments where drought stress may occur or where
water may be limited.
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Figure 1. Response of net photosynthesis to prolonged water deﬁcit in four birch
taxa. Values are presented as a ratio of water-deﬁcit plants to control plants
(Pnwd/c). Data were subjected to PROC MODEL to produce best-ﬁt trendlines.
Closed symbols, experiment 1; Open symbols, experiment 2.

Figure 2. Response of stomatal conductance to prolonged water deﬁcit in four
birch taxa. Values are presented as a ratio of water-deﬁcit plants to control plants
(Gswd/c). Data were subjected to PROC MODEL to produce best-ﬁt trendlines.
Closed symbols, experiment 1; Open symbols, experiment 2.
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Nitrate Losses in Surface Runoff Water from
Irrigation Events at Foliage and Bedding
Plant Nurseries in South Florida
Miguel Mozdzen, Chris Wilson, Joseph Albano and Tom Yeager
University of Florida/IFAS Indian River Research and
Education Center, Fort Pierce, FL 34945
pcwilson@mail.ifas.uﬂ.edu
Index Words: Nitrate, NO3-N, Discharge water, Nursery runoff
Signiﬁcance to Industry: The presence of NO3-N in discharge water from
nursery production areas is indicative of inefﬁciencies in plant nutrient uptake and
fertility/water management programs. Results from this research will be useful
for designing microbial-based nitrate removal bioﬁlters that smaller nurseries and
greenhouses can employ for reducing regulatory risks in the future. Conceptually,
these systems can be installed underneath production areas, walkways, and
roadways, reducing the need for dedication of large land areas for retention.
Nature of Work: Nutrients and water used for production of nursery plants may
leach through pots and leave the application site in surface runoff water. Nitrate
nitrogen (NO3-N) has been reported to be the predominant form of nitrogen
leached from plant containers containing at least 20% organic amendments
(i.e. sphagnum peat) (1, 2). Reported NO3-N concentrations in runoff water from
plant nurseries ranged from 1.6 to 55.0 ppm (mg/L) (3, 4). The presence of high
concentrations of nitrate in surface water is indicative of inefﬁciencies in nutrient
uptake and in irrigation/fertilization management practices. Due to increased
regulation of surface water quality at the state and federal levels, growers must
take precautions to minimize discharges of nitrate-enriched surface water to
public water bodies. The University of Florida/IFAS-IRREC and the USDA/ARSHRL are developing a potential microbial-based bioﬁlter for removing nitrate from
production area runoff. However, to design such as system, realistic estimates
of the total export of nitrate during irrigation/runoff events are necessary. The
objective of this study was to measure the concentrations and loadings of nitrate
leaving typical nursery production areas in South Florida during runoff-generating
irrigation/fertigation events.
Research was conducted at two nurseries located in South Florida. One
nursery (FP) produces high quality foliage plants for export out-of-state, while
the other (BP) produces bedding plants for the in-state market. The study area
at the FP nursery was 2.5 acres (10,000 m²) located under shade. The ground
surfaces were sloped to drain into three roadways, and were covered with
plastic underlying woven landscape fabric. This nursery injected water-soluble
fertilizers through their irrigation system at a rate of 1 gallon per hour. The BP
nursery study area consisted of a 0.3 acres (1,120 m²) covered shade house.
This area drained through two discharge pipes. These plants were irrigated using
overhead micro-sprinklers. This nursery used a combination of fertigation and
soil-incorporated slow release fertilizers.
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On the days of evaluation, water samples from the runoff stream at each
production area were collected at 10-minute intervals from the start of ﬂow
through the end of the discharge pipe for each drained area. Samples were
centrifuged at 3000 rpm for 5 minutes and analyzed using a Cary 300 Bio UV/
vis spectrophotometer according to APHA method 4500-NO3-N. To estimate
total nitrate loads leaving production areas, total water volume discharged was
estimated by measuring water depth in specially constructed, calibrated V-notch
weirs installed at the end of each discharge pipe. Water depth measurements
were taken every ﬁve minutes from the beginning of discharge. Nitrate nitrogen
loads from each event were calculated by multiplying the average volume of
water discharged through the v-notch weirs for each 10-minute interval by the
NO3-N concentration detected for the corresponding interval. Total load was
calculated by adding NO3-N loads for each 10-minute interval.
Nitrate nitrogen loads and water volumes applied during each monitored event
were also estimated. Loads applied at the FP nursery were determined by
placing 24 buckets at random locations throughout the house studied. At the BP
nursery, 12 cups were placed at random locations within the house studied and a
water ﬂow meter was used to determine the water volume applied to the plants.
These samples were also analyzed for NO3-N as described earlier.
Results and Discussion: Total NO3-N loads discharged from the FP nursery
during the two fertigation events ranged from 4.4 to 6.6 lbs (1.99 to 3.0 kg)
(Table 1). These loads represented 62 to 67% of the total NO3-N applied,
respectively. The NO3-N concentrations ranged from 70 to 253 ppm (mg/L).
These concentrations are much higher than those reported by James (3) and
Alexander (4) (1.6 to 55.0 mg/L). However, concentrations are expected to be
highest closest to the production area. Of irrigation water applied, 36 to 49% ran
off during these two events. The average ﬂow rate was 5 gal/min (19 L/min).
Total NO3-N loads discharged from the BP nursery production area during the
two irrigation events ranged from 0.11 to 0.25 lbs (51 to 111.4 g) (Table 1). Nitrate
nitrogen concentrations ranged from 0.7 to 26.3 ppm (mg/L). Because drainage
was slow, it was not possible to characterize total losses during discrete irrigation
events. Our reported loads represent 5 hours of monitored discharges. The
average ﬂow rate during these events was 2.5 gal/min (9.3 L/min).
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Table 1. Summary of runoff event measurements at a foliage and bedding plant
nursery.

NO3-N applied
NO3-N lost
NO3-N loss / acre
% NO3-N applied
Water applied
Water lost
% water applied

Foliage
Summer
4.8 Kg
3.0 Kg
1.12 Kg
62%
57,861 L
20,935 L
36%

Foliage
Fall
2.98 Kg
1.99 Kg
0.8 Kg
67%
27736 L
13668 L
49%

Bedding
Spring
17.5 g
111.42 g
405 g
Not estimated
23,435 L
*7523 L
Not estimated

Bedding
Spring
37.1 g
51.2 g
186 g
Not estimated
22287 L
*7523 L
Not estimated

*Monitored for a 5 hr period due to slow drainage.
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Seasonal Effects on Large Tree Water Use
Richard C. Beeson, Jr. and Julie Kahoun
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Index Words: Tree production, Irrigation, Maple, Container production. Water
conservation, Transpiration
Signiﬁcance to Industry: Tree water use at the beginning and end of a
growing season changes 4 to 30-fold over the course of 2 to 5 weeks. Absolute
volumes also increase with increases in tree caliper. Water can be conserved
and expenses reduced by decreasing irrigation relative to tree water use in the
fall. Conversely, rapid increases in irrigation in the spring with bud burst and
leaf expansion could increase a season’s cumulative growth rate. Examples of
changes in tree water use are given for a red maple from the liner stage to 3.5 in.
in caliper.
Nature of Work: In many parts of the US, nurseries are being pressured to
conserve water. One way to achieve this is to tailor irrigation applications to tree
water use. Systems are under development to achieve this on a day to day basis,
but they are not ready for commercial application. In the interim, making seasonal
adjustments in irrigation would conserve water that could be used during the
more important growth phases. Towards this goal, data was extracted from an
ongoing project to demonstrate the ramping up of red maple water use during
bud burst in the spring, and the ramping down with leaf senescence during the
late fall.
Brieﬂy, liners of red maple were transplanted into #7 containers in March of 2001,
then transferred to #45, #95 and #200 containers in proceeding years (1). Three
trees of red maple have been weighed nearly continuously since the experiment’s
initiation, which permits calculation of daily tree water use. Qualitative evaluations
of tree growth phase, such as bud burst and leaf senescence have been
recorded weekly. One of these trees was selected for a close examination of tree
water use relative to its physiological state and trunk caliper.
Results and Discussion: Initially the 14 in. tall liner transpired (actual
evapotranspiration, ETA) little water after bud break, generally around 4 to 6 oz.
per day (Fig. 1). At this point, trunk caliper at 6 in. above the soil line was 0.16 in.
With root growth and expanding shoot growth, tree ETA increased through May
(5/1 = day 120) to 14 oz. per day. The jaggedness of the ETA line is a result of
day to day variations in weather. Sharp dips usually reﬂect cloudy or rainy days,
whereas sharp peaks often occur on clear sunny days with low humidity. The
second spring, trunk caliper at 6 in. was 0.8 in. Prior to bud break, tree ETA was
around 6 oz or 0.05 gal (Fig. 2). However as buds burst and leaves expanded,
tree ETA increased 10-fold to 0.5 gal over a 15 day period. The third spring, tree
ETA prior to bud break was again around 6 oz. or 0.05 gal (Fig. 3), similar to the
previous spring. However trunk calipers the third spring were nearly 3-fold larger,
measuring 2.1 in. caliper at 6 in. Bud burst was more prolong the third spring,
likely due to the larger tree size. First buds started opening around day 50, late
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February, increasing tree ETA to around 0.25 gal per day, a 5-fold increase. In
mid-March (day 80), bud burst spread rapidly throughout the tree. Over the next
30 days (mid-April), daily tree ETA increased from around 0.5 gal to 3.5 gal, a
7-fold increase, but a 70-fold increase compared to full dormancy ETA. The fourth
spring, bud burst also was prolonged, initiating in mid-February (Fig. 4). Over the
next 2 weeks, ETA increased from about 0.5 gal to 2 gal around day 60, March 1.
As in the third year, bud burst spread rapidly after mid-March, increasing ETA to
around 7 gal per day by mid-April. At bud break, trunk caliper was 3.5 in.
The ﬁrst fall, leaf drop began around day 350, mid-December, when trunk caliber
was 0.8 in, and was complete by early January (Fig. 5). ETA declined from around
12 oz to around 5 oz. The second fall, leaf senescence again began around midDecember and was complete in early January (Fig. 6). Trunk caliper at this time
was 2.1 in. at a 6 in. height. ETA declined from around 1.5 gal per day to 0.05
gal, a 30-fold decline. At the end of the third year, trunk calipers were near 3.5 in.
That year leaf senescence began earlier, starting in early December (day 335).
Leaf drop proceeded at a slower pace, with last leaves dropping the ﬁrst week
of January. Declines in ETA were not as dramatic, going from around 3.5 gal to
0.5 gal for the barren tree.
Adjustments for seasonal changes in tree irrigation requirements not only would
conserve water during times of low demand, but rapid increases in irrigation
in spring would likely promote greater cumulative tree growth that year. For all
plants evaluated, maintaining minimum water stress promotes maximum growth
(2). With rapid increases in tree ETA with bud burst, leaf expansion and early
shoot elongation, it is easy to under-irrigate a tree, whether in a container or in
the ground during a dry period in the spring. This would reduce leaf size, thus
reducing net photosynthesis and proceeding growth.
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Figure 1. Tree actual evapotranspiration (ETA) of red maple the ﬁrst spring as
a liner.

Figure 2. Tree acutal evapotranspiration (ETA) of red maple the second spring.
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Figure 3. Tree actual evapotranspiraton (ETA) of red maple the third spring.

Figure 4. Tree actual evapotranspiration (ETA) of red maple the fourth spring.
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Figure 5. Tree actual evapotranspiration(ETA) of red maple the ﬁrst fall.

Figure 6. Tree actual evapotranspiration(ETA) of red maple the second fall.
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Figure 7. Tree actual evapotranspiration (ETA) of red maple the third fall.
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Signiﬁcance to Industry: Due to increasing consumer awareness of water
quality issues, non-point source discharge of nutrient contaminants into surface
and ground water from agricultural sources is beginning to come under intense
scrutiny from both State and Federal regulators. Along with consumer awareness,
nursery growers have also become increasingly aware of the need to be good
land stewards and resource managers, and have begun to modify their irrigation
and fertilization practices so that they can maximize plant growth while reducing
fertilizer and water use. Among chemical inputs, nitrogen and phosphorus are
the primary contributors to surface and ground water quality degradation and are
of particular interest to downstream communities. A constructed wetland system
for remediation of runoff water from nursery and greenhouse production areas is
a feasible and environmentally friendly method for reducing nutrient presence in
runoff water to levels that meet or exceed current water quality standards.
Nature of Work: Commercial nurseries produce high quality container-grown
plants only through the use of large quantities of water and nutrients. Although
nurseries typically employ best management practices for both nutrients and
water use, there are still problems with nutrient export above current water quality
standards (1). A constructed wetland is one means of removing these nutrients
from runoff water before it reaches nearby surface or ground water. Ahn and
Mitsch (2) noted strong seasonal patterns of nutrient removal when considering
both nitrogen and phosphorus and comparing a mesocosm scale wetland with a
larger natural wetland. Taylor et al. (3) also noted strong seasonal variation but
only for nitrogen removal, with greater than 90% removal efﬁciency during all
but the winter, which had slightly lower removal efﬁciency. Working with Wight
Nurseries of Monrovia Growers located in Cairo, Georgia, we began studying
a 9.3 acre (3.77 ha) constructed wetland in 2002. The wetland treats runoff
water from an approximately 120 acre (48.6 ha) production area. Water from the
production area ﬂows down a series of collection channels and into a holding
pond from which it is pumped into the upper end of the wetland system and ﬂows
by gravity until it enters a series of stilling ponds before its ﬁnal release into a
nearby stream. Typical daily ﬂow through the wetlands ranges from 423,000
to 689,000 gallons (1.6 to 2.6 million liters). We have collected water samples
at approximately 50 locations throughout the wetland and its receiving stream
once each month for the past 43 months, and analyzed them for chloride, nitrate,
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nitrite, phosphate, and sulphate using a Dionex AS50 ion chromatograph with
an AS50 autosampler. We also measured water temperature, dissolved oxygen,
conductivity, pH, total nitrogen (TN), and nonpurgable organic carbon from
September 2002 to May 2005 at most sample sites. We measured total nitrogen
and nonpurgable organic carbon with a Shimadzu Total Organic Carbon analyzer
with a TN measuring unit.
Results and Discussion: Both N and P remediation efﬁciency varied with
season (Figs. 1-2). Nitrogen was more consistently and effectively removed than
phosphorus, regardless of season. Typically nitrogen removal efﬁciency was
lowest during winter months and highest during the warmer growing months.
We considered March to November the time when the most active plant growth
occurs; it is also the time when nitrogen loading is at its peak due to the nutrition
requirement of growing plants. Nitrogen loading averaged 27.6 ppm (mg·L-1)
over the three years of the study and ranged from 13.8 to 32.2 ppm (mg·L-1).
Average nitrogen content in outﬂow water was 1.7 ppm (mg·L-1) and ranged from
0.005 to 6.74 ppm (mg·L-1). During peak loading, nitrogen removal efﬁciency was
also at its peak, averaging 94.1%. It ranged from a minimum removal efﬁciency
of 79.1% to a maximum removal efﬁciency of 99.98%. The winter nitrogen
removal efﬁciency averaged 70.7% with an average inﬂow of 9.5 ppm (mg·L-1)
and discharge of 3.5 ppm (mg·L-1) nitrogen. Our results indicated that active
wetland plant growth was important for efﬁcient nitrogen removal from nursery
runoff water. These ﬁndings agree with Lin et al. (4) who found that macrophytes
were essential for efﬁcient nitrate removal from a wetland, but only accounted
for between 4 and 11% of nitrate removal while denitriﬁcation accounted for
the remaining 89 to 96%. Our monitoring data also showed that temperatures
above 15 °C (59 °F) increased nitrogen remediation efﬁciency in the wetland,
corresponding with increased microbial activity. Kadlec and Reddy (5) describe
wetland microbial activity as temperature dependent, with the most notable
declines at temperatures <15 °C (59 °F) and thus subject to seasonal differences.
Phosphorus removal efﬁciency did not appear to be inﬂuenced by season.
Kadlec and Reddy (5) support this observation and further attribute phosphorus
removal efﬁciency to the rate of decomposition of detrital tissue. No pattern
of phosphorus assimilation or export from the wetland could be established.
Greenway and Woolley (6) had similar results and noted that as the constructed
wetland aged, phosphorus concentration in the efﬂuent often exceeded that of
the inﬂuent. Factors such as excess rainfall, which may cause desorption of
phosphorus from wetland sediments, and plant degradation could contribute to
net export of more phosphorus from the wetland than was actually input from
nursery runoff water. Average winter phosphorus loading and discharge were
3.68 and 3.62 ppm (mg·L-1), respectively; while average phosphorus loading and
discharge during the active growth period of the nursery were 3.70 and 3.62 ppm
(mg·L-1), respectively. No correlation could be found between the phosphorus
load and the amount of phosphorus discharged from the wetland, while with
nitrogen, it appeared that as nitrogen loading into the wetland increased, wetland
remediation factors similarly increased.

Water Management Section

603

SNA RESEARCH CONFERENCE - VOL. 50 - 2005
Literature Cited:
1.

Taylor, M.D., S.J. Klaine, and T. Whitwell. 2004. N and P discharge during
spring regrowth from constructed wetlands in a commercial nursery. Proc.
SNA Res. Conf. 49:533-534.

2.

Ahn, C. and W.J. Mitsch. 2002. Scaling considerations of mesocosm
wetlands in simulating large created freshwater marshes. Ecological
Engineering. 18:327-342.

3.

Taylor, M.D., S.J. Klaine and T. Whitwell. 2003. Use of a constructed
wetland system to mitigate nutrient contaminants in offsite drainage from a
commercial nursery. Proc. SNA Res. Conf. 48:468-470.

4.

Lin, Y.F., S.-R. Jing, T.-W. Wang, and D.-Y. Lee. 2002. Effects of
macrophytes and external carbon sources on nitrate removal from
groundwater in constructed wetlands. Environmental Pollution. 119:413-420.

5.

Kadlec, R.H. and K.R. Reddy. 2001. Temperature effects in treatment
wetlands. Water Environment Research. 73:543-57.

6.

Greenway, M. and a. Woolley. 1999. Constructed wetlands in Queensland:
Performance efﬁciency and nutrient bioaccumulation. Ecological
Engineering. 12:39-55.

Figure 1. Seasonal nitrogen removal efﬁciency in a constructed wetland
designed for nutrient remediation of runoff water at Wight Nurseries’, Cairo, GA.
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Figure 2. Seasonal orthophosphate phosphorus removal efﬁciency in a
constructed wetland designed to remediate Wight Nurseries’ runoff water.
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Signiﬁcance to Industry: Nursery and greenhouse growers utilize large
quantities of nutrients and water during the course of the growing season to
produce top quality, saleable plant material. Implementation of nutrient and
water use management strategies by nursery growers to meet or exceed
water quality standards is becoming a necessity in this age of environmental
awareness and climate of regulatory-inspired guidelines. This study examines
the effectiveness of a constructed wetland (CW) during its spring period of
regrowth to remediate production area runoff water. Of particular interest is its
potential to export nitrogen and phosphorus from decaying plant material during
this period of increasing water temperature and rapid plant growth—a period
when nursery inputs are also at their highest. We found that the CW system
efﬁciently assimilated both the nursery and decaying plant materials’ nitrogen and
phosphorus inputs in April and May. Efﬁcient phosphorus assimilation occurred
during vegetative growth ﬂushes, while nitrogen assimilation became increasingly
efﬁcient as temperature increased.
Nature of Work: Nitrogen and phosphorus are pollutants of concern because of
their capacity to promote eutrophication in streams and lakes if present at high
enough concentrations. Growers use large amounts of these nutrients annually
during production, so it is important to have a remediation/ﬁltration system in
place for runoff water to reduce nutrient loading from production areas into
nearby streams. Previous studies using CWs to treat secondary and tertiary
wastewater have reported reduction in output of ammonia by 56 ± 31% and
phosphorus by 80 ± 20% (1). Previous research by us showed that CWs have
the ability to remove greater than 90% of nitrogen inputs during all but the winter
season, when low water temperature decreased nitrogen remediation efﬁciency
(2). During spring much of the plant material that died at the onset of the previous
winter undergoes rapid decomposition as water temperatures rise, and, thus,
provides an internal loading source of nitrogen and phosphorus for the wetland.
Phosphorus remediation efﬁciency is highest in CWs when aquatic macrophytes
are actively growing. When no active plant growth is occurring, phosphorus
remediation is less efﬁcient, and phosphorus export can occur (3).

606

Water Management Section

SNA RESEARCH CONFERENCE - VOL. 50 - 2005
Internal wetland loading of nitrogen and phosphorus often results in consistent
background levels of nitrogen and phosphorus in wetland efﬂuent (4). These
levels may be of concern to nurseries when they are increasing their nutrient
inputs during the spring growing season. During this time, the nutrient
assimilative capacity—the long-term mass removal capacity per unit area via
transformation or absorption into the system without any signiﬁcant changes to
internal structure or function of the ecosystem or output of nutrients in discharge
water (5)—of the wetland becomes important for nutrient remediation, especially
because nurseries and greenhouses are beginning to come under intense
scrutiny by state and federal regulators. This study examines whether CWs can
remediate effectively both internal and external nutrient sources during its spring
regeneration period.
To conduct this study, we worked with Wight Nurseries of Monrovia Growers
located in Cairo, Georgia. In 2002, we began studying a 9.3 acre (3.77 ha)
CW that captures excess runoff from approximately 120 acres (48.6 ha) of
production area. Runoff from production beds drains into a ﬂow-control channel
to a retention pond, and from there it is pumped into the ﬁrst stage of the CW.
Exiting the ﬁrst stage, it ﬂows through trench drains into the second stage CW
from which it ﬂows into a discharge channel through two stilling ponds (for
suspended sediment removal) and ﬁnally leaves the property by merging into
a nearby stream. Daily water ﬂow into the wetland cells was relatively variable
due to pump problems and generally ranged from 509,600 to 1,046,100 gallons
(1.9 to 3.9 million liters) when the pump was in operation. Water samples and
temperatures were taken twice daily (~8:30 AM and 4:30 PM) from early March
to mid-May. Sampling sites in the CW included two ﬁrst stage inﬂow sites,
two second stage inﬂow sites, two second stage outﬂow sites, and a ﬁnal site
below the stilling ponds. Water samples were analyzed for chloride, nitrite,
nitrate, phosphate, and sulfate using a Dionex AS50 ion chromatograph with an
AS50 autosampler.
Results and Discussion: No consistent diurnal patterns of nitrogen or
phosphorus removal were seen for either the ﬁrst or second stage of the
wetlands (data not shown). System nitrogen removal efﬁciency gradually
improved over time, ranging from 71% to 93% removal efﬁciency (Fig. 1).
The CW’s second stage was not consistent in remediation efﬁciency for either
nitrite or nitrate (Figs. 2-3). Nitrite removal efﬁciency decreased rapidly in the
second stage during April and May (Fig. 2), but overall system efﬁciency was
not impacted and nitrite removal efﬁciency remained approximately 96%. Nitrate
removal efﬁciency by both ﬁrst and second stages trended upward over the
course of the study (Fig. 3) with only a slight decline between early and midApril, attributable to a dramatic increase in loading when pump repairs were
completed and maximum loading resumed. Second stage nitrate removal
efﬁciency improved over time and exceeded 99% by the end of the study. While
nitrogen remediation efﬁciency improved over the sampling period from 75% to
>93%, nitrogen loading increased nearly three-fold, from 38.3 kg/d to 113.1 kg/d.
However stream loading from wetland efﬂuent increased only about 8%, from
9.7 kg/d to 10.5 kg/d. Overall, nitrogen output from the wetland remained below
the 10 ppm (mg/L) EPA drinking water quality standard (6). Temperature (Fig. 5),
nitrogen loading, and total nitrogen removal efﬁciency appeared to be correlated
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with increasing water temperature and nitrogen loading corresponding with
increased total nitrogen removal efﬁciency.
Phosphate removal efﬁciency was variable with net export during most of March,
before active plant growth, and net removal from April through mid-May (Fig. 4)
when plant growth was underway. By mid-May, ﬁrst stage phosphate removal
was negligible and second stage removal was decreasing, corresponding to a
plateau in wetland plant growth. Phosphate concentration in wetland efﬂuent
declined from 3.6 ppm (mg/L as phosphorus) in March to 0.8 ppm (mg/L) in April
and May, but phosphate loading from nursery runoff remained relatively steady.
Water temperature (Fig. 5) had no apparent impact on phosphorus assimilation
rates; only vegetative growth rates appeared correlated with phosphorus
assimilation efﬁciency, with peak vegetative growth corresponding with highest
phosphate removal efﬁciency.
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Figure 1. Bi-weekly total nitrogen removal efﬁciency during spring regrowth
of a two-stage constructed wetland (CW) in Cairo, GA designed for nutrient
remediation of Wight Nurseries’ runoff water.

Figure 2. Bi-weekly nitrite removal efﬁciency during spring regrowth of a twostage CW in Cairo, GA designed for nutrient remediation of Wight Nurseries’
runoff water.
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Figure 3. Bi-weekly nitrate removal efﬁciency during spring regrowth of a twostage CW in Cairo, GA designed for nutrient remediation of Wight Nurseries’
runoff water.

Figure 4. Bi-weekly phosphate removal efﬁciency during spring regrowth of a
two-stage CW in Cairo, GA designed for nutrient remediation of Wight Nurseries’
runoff water.
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Figure 5. Bi-weekly average temperatures in stage one (average depth of 30”
or 0.75m) and stage two (average depth of 8” or 0.2m) of a CW designed to
remediate nutrients from Wight Nurseries’ runoff water.
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Signiﬁcance to Industry: To our knowledge, this is the ﬁrst report that
emphasizes the importance of container and crown placement decisions that
affect both growth potential and resource (water) consumption. We show that
individual crown water use efﬁciency can change dramatically with variations in
local environmental conditions and demonstrate the practical value of optimizing
crown water use efﬁciency. Overall, the use of spatially explicit canopy models,
like the one used in this study, can allow nursery professionals to evaluate their
crown arrangement strategies and to determine crown spacing manipulation for
maximum production and minimal resource consumption. The decisions can be
derived on a genotype and/or species and site-speciﬁc basis.
Nature of Work: The spatial variations that inﬂuence the amount of net
photosynthesis (Anet) and transpiration were quantiﬁed within the crown of 2 to 3
year-old red maple trees growing in a containerized nursery. The study focused
on the environmental conditions within tree crowns that inﬂuence stomatal
opening and, therefore, water use efﬁciency (WUE). We investigated the WUE
response within a managed nursery crown system to decipher the crown
arrangement and density characteristics that maximize the amount of CO2 uptake
versus water lost via transpiration. The spatial arrangement that produces the
highest CO2 uptake with the lowest transpiration will lead to optimal production,
while resource (water) conservation is maximized. The objectives of the study
were (i): to quantify the spatial variations in WUE within tree crowns, for which
the spatial distribution of crown spacing can be evaluated and subsequently
managed; (ii) to use a three-dimensional model that estimates the intracanopy
distribution of Anet and transpiration to pinpoint environmental factors that change
intra-crown WUE.
In this study, a three dimensional model of tree canopy radiation absorption,
photosynthesis, and transpiration was parameterized for an experimental
containerized nursery site at the Calhoun Field Laboratory site near Clemson,
South Carolina, USA USA (lat 34º40’8”N, long 82º50’40”W) during 2004. A full
description of the site is given in Bauerle et al. 2002 (2). In April 2004, four South
Carolina grown Acer rubrum (red maple) cultivars [‘Summer Red’, ‘October
Glory’ (October Glory®), ‘Autumn Flame’, and ‘Franksred’ (Red Sunset®)] and one
Freeman maple cultivar ‘Jeffersred’ (Autumn Blaze®) were shipped to Clemson
University Calhoun Field Laboratory. Prior to arrival, cultivars were transplanted
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into 30 gal Spin Out (Grifﬁn Corp., Valdosta, Ga) treated plastic pots containing
a mixture of pine bark and sand (20:1, v/v), fertilized with 8.3 kg m-3 (18.3 lbs
per cubic yard) of Nutricote™ 20N-3.0P-8.3K type 360 (Chiso-Asahi Inc., Japan).
The crown model was parameterized on a genotype-by-genotype basis and
model structure followed that of Bauerle et al. (1, 2), based on a 15-minute time
step. Prior studies have parameterized and validated the transpiration (1) and
the 3-D light interception model estimates for the temperate red maple container
nursery (2). For each tree, we estimated the photosynthetic and stomatal
conductance to water vapor that would be expected under ambient ﬁeld CO2
from gas exchange measurements at a cuvette [CO2] of 370 µmol mol-1. The leaf
internal [CO2] at a [CO2] of 370 µmol mol-1 was calculated from photosynthesis
and conductance according to Farquhar and von Caemmerer (3). Our sampling
of structure and photosynthetic parameters allowed us to describe the leaf area,
light environment, photosynthesis, and stomatal conductance for each genotype
within individual tree crowns. Weather data to run the model (air temperature,
precipitation, humidity, photosynthetic photon ﬂux density (PPFD), wind speed,
wind direction, and direct and diffuse solar radiation) were collected at a height
of 3 m (9.8 ft) using a Campbell Scientiﬁc Weather Station located immediately
adjacent to the experimental plot and within 0.25 m (0.8 ft) of canopy level. Model
output gave estimates of Anet and transpiration on a whole crown, crown layer,
and crown sub volume basis.
Results and Discussion: As spacing between crowns increased, WUE in lower
crown layers decreased (Fig. 1A). However, Anet and transpiration increased as
the space between crowns moves toward open grown crown conditions (Fig. 1
B,C). The increase in Anet was counterbalanced by transpiration (water use)
that exceeds the advantage of CO2 consumption in the photosynthetic process.
All else being equal, the decline in WUE for lower crown layers (Fig. 1A) is
probably a result of the difference in the molecular weight of H2O versus CO2,
where the molecular weight of each molecule of H2O causes the diffusion of
water out of the leaf to exceed that of CO2 molecular diffusion into the stomata.
The result emphasizes the importance of spatial variations in crown WUE and
crown response to environmental stimuli (light, wind, temperature, humidity, and
CO2). Figure 1 illustrates the nonlinear responses for the carbon gain versus
water loss tradeoff. Spacing within the range of 1.25 to 1.75 meters (4.1 to 5.7 ft)
between containers maximizes Anet while minimizes transpiration, thus optimizing
production and water conservation at the same time. To our knowledge, no
such accurate, quantitative approach to the relative importance of both H2O
and CO2 diffusion competition has been reported for containerized tree crowns.
In a companion paper, we illustrate a methodology for assessing the water
requirements of tree crowns. In combination, growth and water use analysis can
indicate the crown spacing that optimizes WUE.
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Figure 1. A third-degree polynomial was ﬁt to the (A) Water use efﬁciency
(WUE), (B) Net photosynthesis (Anet), and (C) transpiration (E) response to
various crown spacing. Each symbol is the mean of ten replicate crown sections
(top 1/3rd, middle 1/3rd, and bottom 1/3rd crown section) per spacing ± SE (note,
SE bars are not visible due to the small variance among replicate crowns).
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Signiﬁcance to Industry: This study presents the groundwork to predict
whole-tree water requirements on a tree genotype basis, where biophysical
and biochemical response mechanisms are explicitly described with predictive
mathematical algorithms. The study documents the ability to: (1) establish a
radiation interception and gas exchange model sensitive to genotype-speciﬁc
environmental response, (2) simulate genotype-speciﬁc response to water stress,
and (3) evaluates the simulation factors necessary to predict nursery tree water
requirements.
Nature of Work: Plant response to various forms of abiotic stress is
predetermined by genetic differences both within and among species. Facing
the challenge of evaluating the expanding number of new plant introductions,
including transgenic forms, is becoming increasingly important. Mechanistic
models are one way to circumvent time consuming ﬁeld trials. We explain an
approach that utilizes a process-based simulation model to assess the radiation
interception and gas exchange of tree nurseries. Analysis using this method is
one of the best means to integrate and understand complex plant processes and
their response to environment and management interactions (1). The outcome
of successful quantitative predictions would provide horticulturalists with an
efﬁcient means of evaluating individual genotype water requirements without the
laborious and extensive time requirements of traditional ﬁeld trials. In this study,
we deﬁne a genotype as a cultivar or clonally propagated tree that possesses
traits deemed important in the horticulture trade. We apply a three dimensional
process-based model of crown gas exchange and light interception to estimate
and analyze whole-tree radiation interception and gas exchange, which we term
“macro array” analysis because the analysis is spatially explicit and quantitative
on an individual genotype basis. Under this premise, physiological response to
environmental conditions is used as the basis for modeling whole-tree radiation
interception and gas exchange.
A detailed description of the model is beyond the scope of this article; however,
interested readers are referred to Bauerle et al. (2, 3). In brief, a spatially explicit
biological-process model originally developed for tree plantations simulates gross
and net photosynthesis, light absorption, stomatal conductance, and transpiration
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in complex nursery canopies using detailed information on leaf area, leaf
distribution, physiology, light interception, and stand structural characteristics.
The physiological responses are calculated based on the sunlit and shaded
fractions of leaf area, where the canopy is represented by an array of ellipsoidal
tree crowns and the intercepted and absorbed radiation is calculated for each
crown in this study after passing through the neighboring tree canopies. Leaf
angle distribution is ellipsoidal (4). The crown is assumed to have a spherically
symmetric leaf angle distribution (standard canopy) in all simulations. The
extinction coefﬁcients for both direct beam and diffuse radiation are accounted
for with the zenith angle and or angles of the sun for both direct and diffuse solar
radiation. The path length of radiation reaching each grid point is calculated from
the size and shape of the tree crowns through which the radiation passes, and
the distribution of leaf area within them. Beer’s Law is applied to each path length
of either direct or diffuse radiation intercepted at spatially explicit crown sub
volumes. Multiple radiation scattering is calculated using the method of Norman
and Welles (5). In this study, the model was parameterized for the experimental
containerized red maple site on a genotype by genotype basis.
Results and Discussion: The amount of radiation intercepted by foliage
is nonlinearly related to the rate of photosynthesis. When light is plentiful,
photosynthesis becomes light saturated. In relation to transpiration,
photosynthesis is linearly related to stomatal conductance, unless conditions are
stressful e.g. water deﬁcits. In our study, we have illustrated (Fig. 1) the amount
of genotype water use variation that exists among ﬁve genotypes of red maple.
All else being equal, the main cause of variation appears to result from genetic
differences in both the activity and rate of photosynthesis, which can vary from
one genotype to the next. This study demonstrates the ability to parameterize
genotypic-speciﬁc environmental response (data not shown) and simulate
genotypic response to seasonal environmental conditions. Analysis of the
primary model parameters indicates that the inherent variation in the activity and
rate of photosynthesis among genotypes is a primary cause of different water
use requirements. This ﬁnding is not surprising, given the fact that faster growing
species usually use more water than ones that grow slowly. To investigate this
further, we looked at the variation within a species, while controlling for leaf area.
In conclusion, we ﬁnd that substantial water use variation can occur within a
species and, by simulating the differences, water requirements can be quantiﬁed
on a genotype by genotype basis.
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Figure 1. Transpiration (mol m-2 d-1) of cultivars [u ‘Summer Red’, l ‘October
Glory’ (October Glory®), n ‘Autumn Flame’, and ‘Franksred’ (Red Sunset®)]
and one Freeman maple cultivar o ‘Jeffersred’ (Autumn Blaze®). Simulations
were performed assuming that leaf photosynthetic capacity did not change
between June 2 and September 2. Values obtained are the total per day and per
cultivar. Values are normalized per unit of crown foliage.
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