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Significance to Industry: Competition for world water resources continues to increase
due to population growth and increased agricultural and industrial water demand. In
contrast, the per capita availability of water worldwide will likely continue to decrease
due to a growing global population as well as future climate change (Jury and Vaux,
2005). Many horticultural operations have adopted best management practices to more
efficiently utilize existing water resources. These practices are beneficial for growers,
since they reduce water use, leaching of nutrients, pesticide use and energy use.
However, more sophisticated systems, such as real-time soil moisture monitoring
systems, have the potential to drastically reduce the amount of water needed for
irrigation by using more precise irrigation control. Soil moisture sensors monitor
substrate water content, and when used in conjunction with a data logger-controlled
irrigation system, can be used to initiate irrigation when substrate water content drops
below a user-specified set point. Our objective was to understand how plant growth
responds to various substrate water contents (0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40,
and 0.45 L·L-1) and to determine how much water is needed to produce Hibiscus
acetosella ‘Panama Red’. Shoot dry weight increased with increasing substrate water
content and there was an asymptotic response of shoot dry weight to the total amount
of water applied. Plant growth increased sharply as irrigation volume increased from 2
to 14 L/plant, but there was little or no additional growth as the irrigation volume
increased above 22.5 L/plant. Our results can help growers to get a better
understanding of the water needs of this crop. This knowledge can be used to irrigate
more efficiently, which will conserve water, promote uniform plant growth, and reduce
profit losses due to disease, as well as water and nutrient leaching and runoff.
Nature of Work: It is inevitable that the demand for more efficient water usage by the
green industry will continue to increase due to environmental regulations and future
demands on water supplies. Soil moisture sensor-controlled automated irrigation
systems give growers the potential to precisely control irrigation, reducing water use
and still producing high quality plants (van Iersel et al, 2009). Before such technology
can be implemented, plant responses to substrate moisture need to be understood.
The objective of our study was to determine the effect of substrate water content on the
growth of Hibiscus acetosella ‘Panama Red’ and to quantify the water requirements of
this plant.
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On June 17, 2010 rooted cuttings of Hibiscus acetosella ‘Panama Red’ (PP20121),
pruned to the third node above substrate level, were planted in one gallon containers
filled with soilless substrate (Fafard Nursery Mix; Conrad Fafard Inc., Agawam, MA).
Pots were topdressed with 24 grams of 16 month, slow release fertilizer (Graco 14-8-14
with minors; Graco Fertilizer Co., Cairo, GA) and watered in. Plants were grown in a
glass-covered greenhouse throughout the study.
The irrigation system used in the experiment was based on the design described by
Nemali and van Iersel (2), with substrate water content set points of 0.10, 0.15, 0.20,
0.25, 0.30, 0.35, 0.40, and 0.45 L·L-1. Treatments were started on June 24. The
experiment was designed as a randomized complete block with eight treatments and
four replications (32 total plots). Each plot contained two pots which were monitored
with soil moisture sensors (EC-5, Decagon, Pullman, WA). A data logger (CR10,
Campbell Scientific, Logan, UT) stored readings from the two sensors and initiated
irrigation when the average of the two sensor readings dropped below the assigned
substrate water content set point, providing 44.5 mL of water per irrigation event. The
number of irrigation events was recorded by the datalogger, allowing for the calculation
of the amount of irrigation water applied to each plant.
On August 2, the experiment was ended and plant growth measurements were taken.
Substrate water content was measured using a ThetaProbe soil moisture sensor (DeltaT Devices, Cambridge, UK). Shoots were cut off at the substrate surface and dry
weight was determined. Data were analyzed with linear and non-linear regression using
SigmaPlot (v. 11, Systat Software, San Jose, CA).
Results and Discussion: The soil moisture sensor-controlled irrigation system was
able to maintain soil moisture levels close to the specified set points, with set points
being reached before the tenth day (Fig. 1). A strong correlation (r = 0.81, p < 0.0001)
between ThetaProbe measurements and substrate water content set points confirmed
differences in substrate water content among the treatments (Fig. 2) and validated the
probes’ accuracy. Plant growth, represented by shoot dry weight, was affected by water
availability. This is demonstrated by the correlations between dry weight and substrate
water content (Fig. 3) (r = 0.83, p < 0.001) as well as dry weight and total irrigation
volume (Fig. 4) (R2 = 0.84, p = 0.001). Total irrigation volume increased with increases
in substrate water content set points (r = 0.82, p < 0.001) (Fig. 5).
Analysis of shoot dry weight as a function of total volume of irrigation water applied
shows volume distinct non-linear response (Fig. 4). A sharp increase in growth can be
observed as the irrigation volume increases from 2 to 14 L/plant, but additional growth is
minimal on plants receiving 22.5 L of water or more. These observations suggest that
plant growth is dependent on the amount of water applied up to a threshold, after which
additional irrigation no longer significantly increases growth. This indicates that plants
of similar size can be obtained with differing substrate water contents, and therefore
reduced irrigation volume. Our results suggest that growers using an automated
irrigation system would be able to reduce total irrigation volume by approximately 20
L/plant by using a set point of 0.35 L·L-1 instead of 0.45 L·L-1, while still obtaining similar
size plants. Although our results are from plants grown in a controlled greenhouse
setting, they suggest it is possible to achieve similar results in a nursery setting in which
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plants are exposed to varying environmental conditions. Preliminary results from
subsequent trials in outdoor nurseries confirm this (unpublished results).
Acknowledgements: We thank Sue Dove for her help with this research. Funding for
this research was provided by USDA-NIFA-SCRI award no. 2009-51181-05768.
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Figure 1. Substrate water content over the length of the experiment. Dashed lines
indicate set points for irrigation (0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, and 0.45 L·L-1).
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Figure 2. Theta Probe readings of substrate moisture content versus substrate water
content set points (ranging from 0.10 to 0.45 L·L-1) of the automated irrigation system.
Symbols represent means with standard errors for each treatment (n=4).
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Figure 3. Shoot dry weight of hibiscus ‘Panama Red’ as affected by substrate water
content set point (ranging from 0.10 to 0.45 L·L-1) at which the plants were irrigated.
Symbols represent means with standard errors for each treatment (n=4).
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Figure 4. Shoot dry weight of hibiscus ‘Panama Red’ as a function of the total amount
of water plants received during the experiment. Symbols represent means with
standard errors for each treatment (n=4).
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Figure 5. Total irrigation volume as affected by substrate water content set point
(ranging from 0.10 to 0.45 L·L-1) at which the plants were irrigated. Symbols represent
means with standard errors for each treatment (n=4).
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Significance to Industry: Phosphorus (P) is classified as a macronutrient and is
involved in many cellular and biochemical processes within the plant, such as energy
transfer and activation of cellular processes. Because P is utilized in many cell
processes it often becomes a limiting nutrient. Nurseries apply supplemental P during
fertilization to promote plant growth and health. Phosphorus is readily taken up by
plants, however it is often over applied. Irrigation and rain events mobilize and leach P
from container substrates before it can all be absorbed and metabolized by ornamental
crops. Reducing P levels in runoff is of importance because P is the primary contributor
(besides nitrogen) to accelerated fresh water eutrophication; excess P promotes algal
growth and blooms, ultimately leading to deteriorating water quality as defined by
reduced clarity and extremely low dissolved oxygen levels. We investigated the P
remediation potential of floating wetlands established with Golden Canna and
determined that Golden Canna is efficient at aiding P removal from simulated nursery
runoff.
Nature of Work: Constructed wetlands mimic natural wetlands and filter out excessive
amounts of nutrients, reduce suspended solids, and enhance water quality, but are
often quite large and take many years to fully establish and attain their remediation
potential. Floating wetlands can be used as an alternative to large-scale constructed
wetlands, and they can be established with one or two plant species in a short time
period. Plant choice can also be catered to optimize uptake of excess nutrients. These
smaller scale wetlands serve the same function as their permanent predecessors but
are much more adaptable. Floating wetlands place large root surface areas directly in
the water column; this root area provides habitat for nutrient metabolizing microbacteria, aids in filtration of particulates and suspended solids, and enhances sites for
nutrient uptake by the plant species. Floating wetlands can also be placed in smaller
and low-use areas, such as drainage areas as long as adequate water depth is
maintained. Floating wetlands are cost efficient, do not take away land space valuable
to the nursery, are not permanent and are easy to install and harvest. The presence of
floating wetlands can even add aesthetic quality in the forms of water gardens and
waterscapes.
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Previous research by Polomski et al. 2008 (1) suggested that aquatic ornamental
plants can be used to remove excess P and Nitrogen (N) at concentrations similar to
nursery runoff. This study was designed to examine one common aquatic species,
Canna flaccida (Golden Canna), to determine its ability to remove P, to determine how
aeration influences P uptake, and to determine if planting densities affect nutrient
removal. Golden Canna liners were purchased from Charleston Aquatic Nurseries
(Johns Island, SC). Bare root Golden Canna transplants were placed in aerator cups,
seated in floating mats, and allowed to grow to maturity. The experiment was carried
out over a 5 month time period. The test period encompassed active growth by the
juvenile plant to reach mature flowering and was terminated when senescence began
due to seasonal and environmental cues.
The experimental setup for the floating wetland mesocosms utilized twenty-four 380-liter
(100 gal.) Rubbermaid® tanks. Simulated nursery runoff was supplied using a 20-2-20
commercial-grade soluble fertilizer (Southern Agricultural Insecticides, Inc.,
Hendersonville, NC) with 34.6 ± 6.4 mg/L (ppm) N and 3.8 ± 0.5 mg/L (ppm) P supplied
to each tank at a 2-day hydraulic retention time. Treatments consisted of 50% and
100% floating mat surface coverage with plant densities of either 10 plants (50% or
100% coverage) or 20 plants (100% coverage). Water quality parameters monitored
included NO3-, NO2-, NH3, PO4, SO4, and pH. Anion concentrations were determined
using a Dionex AS50 ion chromatograph (Dionex Corp., Sunnyvale, CA), and total P, K,
Ca, Mg, Zn, Cu, Mn, Fe, S, Na, B, and Al were analyzed via inductively coupled plasma
emission spectrophotometer (ICP-ES, 61E Thermo Jarrell Ash, Franklin, MA). Golden
Canna roots and shoots were measured on a monthly basis to monitor growth and
establishment of the floating wetlands. Floating wetlands were planted March 23, 2010
and harvested August 31, 2010. Three representative plants from each mesocosm
were selected during harvest weighed, dried, reweighed and submitted to the Clemson
Agriculture Service laboratory for tissue analyses (data not reported). Data were
analyzed using SAS PROC GLM (SAS Institute Inc. Cary, NC).
Results and Discussion: Aeration did not appear to influence mesocosm dissolved
oxygen levels until after 1 month (Figure 1), when plant shoots and root systems were
more mature. Differences detected in dissolved oxygen (D.O.) levels between the
aerated and non-aerated treatments resulted in P dynamics that conflict with results
from our previous research (2). Although we found little correlation between D.O. levels
and N reduction (2) in 2009, we posit that low D.O. and higher pH levels enhanced P
remediation in non-aerated treatments (Figures 1,3). Although declining D.O.
concentrations correlated with a drop in pH of treated effluent, non-aerated treatments
maintained a higher pH (on average) than aerated treatments pH of 4.95 ± 1.2 and pH
4.42 ± 0.8, respectively. This shift in pH was relevant because rhizosphere pH has
been shown to influence P availability to plants (5). At pH vales < 6.0, P may have
become less available to plants due to its chemical state; typically P forms a complex
with aluminum or iron in acidic environments. However, even at the pH values
maintained in our treatment mesocosms, P removal still occurred. This P removal could
be driven by chemical complexation, active absorption by Golden Canna, or through
breakdown via microbial communities (3). Between May and June, when the lowest pH

Water Management

140

SNA Research Conference Vol. 56 2011

value was detected, we also measured the lowest P concentrations in treatment
mesocosm effluent (Figure 2). Phosphorus removal may be driven by complexing
metals at lower pH values, mineralization and settling, or possible conversion to organic
P and absorption by the plants (4). As pH began to increase later in the season (July),
P concentrations in mesocosm effluent began to increase (Figure 2). This was most
likely because P was still biologically unavailable to Canna (pH < 6.0), but complexation
and mineralization processes prevalent at low pH were unfavorable. Overall P removal
efficiency (Figure 4) fluctuated dramatically over the experiment (aerated 43% ± 19%
and non-aerated 51% ± 16%), but P removal efficiency increased in July (aerated 58%
± 7% and non-aerated 76% ± 4%), especially in the non-aerated treatments, which
maintained a higher pH (aerated 4.21 ± 0.13 and non-aerated 4.43 ± 0.22, average,
Figure 3). These findings are important because it may be more critical to choose plant
species that maintain higher average pH in their rhizosphere, thus enhancing P
remediation in constructed wetlands.
When comparing coverage in terms of P removal ability, we found that mesocosms
established with either 50 or 100 percent coverage had similar P removal efficiencies.
Although it seems that higher density plantings improve nutrient remediation (especially
later in the season, Figure 4), the relationship between D.O and pH is equally important
and may drive P remediation efficiency mesocosms when plant uptake capacity is not
the limiting factor.
Overall Golden Canna is effective at reducing P levels in simulated nursery runoff.
Dense Golden Canna plantings maintained an extended P remediation capacity when
compared with low-density plantings later in the growing season after plants had
reached maturity. pH changes in effluent may be more important than planting density
for maintaining optimal P remediation. For optimal P remediation, our study results
indicate that floating wetlands should be established using a mixture of planting
densities with plants that do not strongly acidify their rhizosphere.
References:
(1) Polomski, R.F., Bielenberg, D.G., Whitwell, T., Taylor, M.D., Bridges, W.C., Klaine,
S.J., 2008. Differential nitrogen and phosphorus recovery by five aquatic garden
species in laboratory-scale subsurface-constructed wetlands. HortScience 43, 868-874.
(2) White, S.A., Cousins, M., Seda, B., Glenn, J.B., 2009. Does oxygen status influence
floating wetland nutrient uptake? SNA Research Conference Proceedings. 55, 182-188
(3) Mulkerrins, D., Jordan, C., McMahon, S., Colleran, E., 2000. Evaluation of the
parameters affecting nitrogen and phosphorus removal in anaerobic/anoxic/ oxic
(A/A/O) biological nutrient removal systems. Journal of Chemical Technology and
Biotechnology. 75: 261-268.
(4) Achat, D.L., Bakker, M.R., Zeller, B., Pellerin, S., Bienaime, S., Morel, C., 2010.
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Relation to Carbon and Nitrogen Mineralization. Soil Biology & Biochemistry. 42(9):
1479-1490.
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Academic Press, pp 549-580.
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Figure 1: Dissolved oxygen concentrations measured in aerated and non-aerated
experimental scale floating wetland mesocosms† established with Canna flaccida and
receiving simulated nursery effluent for five months in 2010.
†
Treatments consisted of aerated (A) and non-aerated (NA) treatments established with
100 percent coverage with 10 plants, 100 percent coverage with 20 plants, and 50
percent coverage with 10 plants.
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Figure 2: Phosphorus (Inorganic and organic) concentration detected in the influent
and effluent of aerated (A) and non-aerated (NA) floating wetland treatment†
mesocosms established with Canna flaccida and receiving simulated nursery effluent
for five months in 2010.
†
Treatments included 100 percent coverage with 10 plants, 100 percent coverage with
20 plants, and 50 percent coverage with 10 plants.
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Figure 3: pH values measured in aerated and non-aerated experimental scale floating
wetland mesocosms† established with Canna flaccida and treating simulated nursery
effluent for five months in 2010.
†
Treatments consisted of aerated (A) and non-aerated (NA) treatments established with
100 percent coverage with 10 plants, 100 percent coverage with 20 plants, and 50
percent coverage with 10 plants.
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Figure 4: Phosphorus removal efficiency in aerated (A) and non-aerated (NA) floating
wetland treatment† mesocosms established with Canna flaccida and receiving
simulated nursery effluent for five months in 2010.
†
Treatments included 100 percent coverage with 10 plants, 100 percent coverage with
20 plants, and 50 percent coverage with 10 plants.
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Significance to Industry: Water shortage and poor water quality are critical issues in
the Southwest and many other regions of the world. With a rapidly increasing population
and diminishing water supplies, the competition for fresh water among agriculture,
industry, urban and recreational users has become intense. Using alternative water
sources to irrigate agricultural crops and landscapes may be inevitable in the future.
Therefore, information on salt tolerance of bedding plants is of increasing importance.
Previous studies have shown that a wide range of salt tolerance exists among
floricultural crops and other ornamentals (1,3,4). This study continued to screen the salt
tolerance of selected bedding plants. The results indicated that marigold and gazania
were sensitive to salinity while angelonia, gomphrena, and petunias were moderately
tolerant to salinity and could be irrigated with saline water at moderate salinity levels,
although growth may be reduced.
Nature of Work. Seeds of seven bedding plants provided by Ball Horticultural Company
(Table 1) were sown in 72-cell trays filled with a germination mix (Sunshine Mix No. 5,
SunGro Hort., Bellevue, WA) and placed in a greenhouse on a mist bench with reverse
osmosis (RO) water. After germination, seedlings were grown in the greenhouse in
500-mL pots (one plant per pot) filled with similar potting mix with additional coarse
perlite to improve drainage (Sunshine Mix No. 4, SunGro Hort.). Plants were
subirrigated with nutrient solution until Mar 12 when saline solution treatments were
initiated.
Saline solutions at electrical conductivity (EC) of 1.5 (nutrient solution, control), 2.8, 4.5,
6.5, and 8.2 dS·m-1 (symbols: Control, EC 2.5, EC 4, EC 6, and EC 8) were created by
adding appropriate amounts of sodium chloride (NaCl), magnesium sulfate
(MgSO4·7H2O), and calcium chloride (CaCl2) at 87:8:5 (weight ratio) to the nutrient
solution. The nutrient solution with EC of 1.5 was prepared by adding 0.5 g·L-1 of 20N8.6P-16.7K (Peters 20-20-20; Scotts) to tap water. The major ions in the tap water were
Na+, Ca2+, Mg2+, Cl-, and SO42- at 184, 52.0, 7.5, 223.6, and 105.6 mg·L–1, respectively.
The composition of the treatment saline solutions was similar to that of the reclaimed
municipal effluent of the local water utilities. Flat-bottom tubs with a dimension of 128 x
71 x 18 cm (4.2 x 2.3 x 0.6 ft) were used for subirrigation. Nine plants in 4-in pots were fit
in one flat (25.4 x 50.8 cm or 10 x 20 in) along with another nine empty pots spacing and
supporting the experimental plants. Whenever the substrate surface started to dry, plants
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were subirrigated by placing the whole flat into the flat-bottom tub filled with one of the
treatment solutions. After subirrigation, flats were randomly placed back on to the growing
benches. For the three petunia cultivars, 18 days after treatments (March 30), plants were
transplanted from 4-in pots to 2.6 L containers (1 gal) due to rapid growth and were top
irrigated (through substrate surface) with tap water right after transplanting. Petunia
plants were then switched to top irrigation with 1 L treatment solutions from 6 April until
the end of the experiment, which was 30 April, while all other species were subirrigated
throughout the experiment and were terminated a week earlier (April 22). The
temperatures in the greenhouse during the experimental period were at 29.3 ± 1.6 C
(mean ± SD) during the day and 23.0 ± 2.4 C at night. The daily light integral
(photosynthetically active radiation) was measured at 10.4 ± 3.1 mol·m-2·d-1.
Leaf osmotic potential was analyzed by taking leaf samples 2 weeks after the initiation
of the treatment, when all plants were alive while visual differences among treatments
already exhibited. The procedure for leaf osmotic potential analysis was described in
previous studies (2,4). Upon termination of the experiment, shoots were severed at the
substrate surface. Shoot dry weight (DW) was determined after oven-dried at 70 C for
72 h. In order to quantify the salt accumulation and vertical distribution in the root zone,
substrate was separated by cutting the top 2-cm layer (top) apart from the rest of the
substrate (bottom). The two separated substrates were then extracted according to US
Salinity Lab Staff (6). Three pots were selected randomly among the different species
per treatment for the above salinity analysis. For the one-gal petunia pots, substrate
salinity was analyzed for control, EC 4 and EC 8 using the same methodology. The
experiment was a completely randomized design with 6 to 9 replications, depending on
species. ANOVA analysis was conducted using PROC GLM. To distinguish the
differences among treatments, Student-Newman-Keuls multiple comparisons were
performed. All data were analyzed using SAS software (Version 9.1.3, SAS Institute
Inc., Cary, NC).
Results and Discussion. The salinity of the top 2-cm layer for the 4-in pots ranged
from 17.8 dS·m-1 in the control to 39.0 dS·m-1 in the EC 8 treatments (Table 2). The
bottom salinity ranged from 2.3 dS·m-1 in the control to 12.9 dS·m-1 in the EC 8
treatment. These results indicated that the higher the salinity of irrigation water, the
higher the salinity in the root zone both at the top and bottom, while the salinity at the
top were 2 to 8 times higher than that at the bottom. Our previous study indicated that
salinity in mineral soils at the top soil layer increased linearly over time when irrigated
with saline water at EC of 1.5 dS·m-1 (5). Petunia plants, in one gallon pots, that were
irrigated through the substrate surface from 6 April to 30 April, had higher salinity in the
top substrate layer than at the bottom (Table 2), indicating that salts moved toward the
top through water extraction by the plants. As long as salts exist in the irrigation water,
salts accumulate in the root zone.
Among the seven species, marigold was the most sensitive to elevated salinity. By day
24, all plants in the EC 8 and about 50% in the EC 6 treatments were dead. By day 40,
at the end of the experiment, all marigold plants were dead except for those in the
control treatment. Plants in the control also had visible foliar salt damage caused by
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high salinity at the top of the substrate (17.9 dS·m-1) and 2.3 dS·m-1 for the rest of the
substrate. Therefore, care must be taken when subirrigating salt sensitive plants for
extended period because salinity increases over time when mineral salts exist in the
irrigation water. For gazania, open flowers wilted sooner at higher salinity levels (data
not shown), although all plants survived regardless of salinity treatment. Plants were
smaller when irrigated with higher salinities. By the end of the experiment, flowers of
the control plants also exhibited wilting. For gomphrena, plants in the EC 4 treatment
performed best. Plants in the control and EC 2.5 exhibited leaf wilting even though
substrate was moist, possibly due to low light intensity in the greenhouse. The
greenhouse roof was covered by a shade cloth with 55% light exclusion during the
experiment. All petunia and angelonia plants looked healthy throughout the
experimental period, although angelonia plants became smaller as EC of irrigation
water increased.
Shoot DW decreased linearly as salinity of irrigation solution increased in all species
except for gomphrena (Fig. 1). As salinity increased, shoot DW of gomphrena changed
in a quadratic fashion with highest shoot DW occurred at EC of 4.5 dS·m-1. Compared
to the control, shoot DW of angelonia at EC of 4.5, 6.5, and 8.2 dS·m-1 was reduced by
39, 45, and 57%, respectively. In our previous study, the impact of salinity on shoot
growth reduction in angelonia was smaller. The differences may be due to the
subirrigation, causing salt accumulation in the root zone, and seedling age at the time of
initiating salinity, although the salinities of the irrigation solutions were similar. In the
present study, seedlings were younger than those in (4) at the initiation of treatment.
For petunias, plants grow rapidly without salt injury. Since no visual damage exhibited at
all, moderate salinity may produce more compact plants compared to the control and
may eliminate or reduce the use of plant growth regulators.
Leaf osmotic potentials decreased linearly as salinity increased in angelonia, gazania,
marigold, petunia ‘Baby Duck Yellow’ and ‘Spreading’, while those in gomphrena and
petunia ‘Mirage Rose’ changed in a quadratic fashion (Fig. 2). In summary, angelonia,
petunia and gomphrena plants are moderately salt tolerant and can be irrigated with
saline water up to moderate salinity levels, although shoot growth would be reduced.
Literature cited
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Table 1. List of plant species used in the experiment.
Scientific name
Angelonia angustifolia
Gazania rigen
Gomphrena sp.
Petunia x hybrida
Petunia x hybrida
Petunia x hybrida
Tagetes erecta

Common
Angelonia
Gazania
Gomphrena
Petunia
Petunia
Petunia
Marigold

cultivar
Purple
Pink Shade
Fireworks
Baby Duck Yellow
Mirage Rose
Spreading
Gold

Table 2. Salinity of the substrate at the top 2-cm layer and below (bottom) analyzed
through saturated extraction at the end of the experiment (Mean ± SD).

Treatment
Control
EC 2.5
EC 4
EC 6
EC 8
z

Top
Bottom
4-in pots (dS m-1)
17.9 ± 1.2
2.3 ± 0.2
26.7 ± 3.9
6.3 ± 0.8
34.3 ± 0.7
8.3 ± 0.8
34.0 ± 2.5
14.2 ± 1.3
39.0 ± 0.8
12.9 ± 1.1

Top
Bottom
one gallon pots (dS m-1)
6.7 ± 0.2
1.7 ± 0.3
-- z
-15.7 ± 2.2
4.8 ± 0.3
--32.7 ± 1.7
7.6 ± 0.6

not measured
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Fig. 1. Shoot dry weight (DW) of seven bedding plants irrigated with saline solution at
electrical conductivity of 1.5, 2.8, 4.5, 6.5, or 8.2 dS·m-1. Vertical bars represent
standard errors. Means with same letters are not significantly different tested by
Student-Newman-Keuls multiple comparisons.
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Fig. 2. Leaf osmotic potential of seven bedding plants irrigated with saline solution at
electrical conductivity of 1.5, 2.8, 4.5, 6.5, or 8.2 dS·m-1. Vertical bars represent
standard errors. Means with same letters are not significantly different tested by
Student-Newman-Keuls multiple comparisons.
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Salt Tolerance of Five Wildflower Species
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Significance to Industry: Due to intense competition for fresh water among
agriculture, industry, and domestic water users, an alternative water source such as
municipal reclaimed water is being used for irrigating landscapes in some areas in the
Southwest. Herbaceous wildflowers dominate arid regions of Australia and the western
United States, and are important plant materials for water-wise landscapes (1,2,5).
However, the responses of herbaceous perennial wildflowers to irrigation water with
elevated salts are unknown. This study quantified the responses of five native
wildflowers to elevated salinity. Our results indicated that Mexican Hat was the most
tolerant, followed by evening primrose and mealy cup sage and they could be irrigated
with saline solution at low to moderate salinity. Lemon horsemint was most sensitive to
salinity, followed by chocolate daisy, which was moderately sensitive.
Nature of Work. Seeds of Salvia farinacea (mealy cup sage), Berlandiera lyrata
(chocolate daisy), Ratibida columnaris (Mexican hat), Oenothera elata (evening
primrose), and Monarda citriodora (lemon horsemint) were sown Feb 2 into 406-cell
flats filled with sunshine mix 5 (SunGro Hort., Bellevue, WA). Flats were covered with
aluminum foil and placed into cold storage at 5 C for 3 to 6 weeks depending on
species, and were placed back in greenhouse benches whenever seedlings emergence
occurred. Germinated seedlings were transplanted to larger cells (vol. 26 mL) on March
26 and April 9, depending on species, and grown in the greenhouse. On April 29,
seedlings were transplanted to 2.6 L (1 gal) containers filled with Sunshine Mix No. 4
(SunGro Hort). The temperatures in the greenhouse during the experimental period
were at 29.3 ± 1.6 C (mean ± SD) during the day and 23.0 ± 2.4 C at night. The daily
light integral (photosynthetically active radiation) was measured at 10.4 ± 3.1 mol·m-2·d1
. On May 6, Osmocote 14-14-14 (13 grams/pot) (The Scotts Co., Maryville, OH) and
Marathon (1 teaspoon/pot) (OHP, Inc., Mainland, PA) were applied to all plants. On
May 7, plants were moved to a shade house with 25% light exclusion and were well
irrigated with tap water until saline solutions treatments were initiated on May 20.
Saline solutions at electrical conductivity (EC) of 2.8, 3.9, 5.5, and 7.3 dS·m-1 were
created by adding appropriate amounts of sodium chloride (NaCl), magnesium sulfate
(MgSO4·7H2O), and calcium chloride (CaCl2) at 87:8:5 (weight ratio) to tap water. The
EC of tap water was 0.8 dS·m-1 and the major ions in the tap water were Na+, Ca2+,
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Mg2+, Cl-, and SO42- at 184, 52.0, 7.5, 223.6, and 105.6 mg·L–1, respectively. The
composition of the treatment saline solutions was similar to that of the reclaimed
municipal effluent of the local water utilities. Plants were irrigated with tap water
(control) or one of the saline solutions at 1 L per pot whenever the substrate surface
started to dry, which depended on species (biomass) and climatic conditions. The
outdoor climatic conditions during the experimental period were average daily air
temperatures at 28.5 ± 2.0 C, relative humidity at 19.8 ± 7.3 %, solar radiation at 29.5 ±
2.6 MJ·m-2·d-1, and four times of rainfall with a total of 68 mm, recorded by an on-site
weather station.
Leaf osmotic potential was analyzed by taking leaf samples in the fourth weeks after the
treatments were initiated. The procedure for leaf osmotic potential analysis was
described in previous studies (3,4). In order to quantify the salt accumulation, leachate
was measured according to pour-through method (6). Upon termination of the
experiment, shoots were severed at the substrate surface. Shoot dry weight (DW) was
determined after oven-dried at 70 C for 72 h. Foliar salt damage was rated by giving a
score to every plant from 0 to 5, where 0 = dead, 1 = over 90% foliar damage (salt
damage: burning, necrosis, and discoloration); 2 = moderate (50-90%) foliar damage; 3
= slight (<50%) foliar damage; 4 = good quality with minimal foliar damage; and 5 =
excellent with no foliar damage. The experiment was a split-plot design with salinity of
irrigation water as the main plot and species subplot with 10 replications. All data were
analyzed by a two-way ANOVA using PROC GLM. When the main effect was
significant, linear regression was performed using PROC REG. To determine the
differences among salinity level on plant growth, Student-Newman-Keuls multiple
comparisons were performed. All statistical analyses were performed using SAS
software (Version 9.1.3, SAS Institute Inc., Cary, NC).
Results and Discussion. Among the five species, lemon horsemint was the most
sensitive to elevated salinity, followed by chocolate daisy. Eighteen days after the
treatments, the survival percentages were 60%, 30%, 20%, 20% for plants irrigated at
EC of 2.8, 3.9, 5.5, and 7.3 dS·m-1, respectively. For chocolate daisy, the survival
percentages were 30% at EC of 5.5 and 7.3 dS·m-1 on day 18. By the end of the
experiment (five week treatment), all plants of lemon horsemint in the elevated salinity
treatments were dead (Table 1). Visual quality was lowest for lemon horsemint.
Chocolate daisy plants had low visual scores at EC of 5.5 and 7.3 dS·m-1. For the
other three species, survival percentages were 80% and 90% at the highest salinity
level (Table 1). Evening primrose and mealy cup sage had similar low visual quality
scores at EC of 7.3 dS·m-1, while Mexican hat plants had high scores regardless of
salinity treatment (Table 2).
Shoot dry weight (DW) of all survived species decreased linearly as salinity of irrigation
water increased, except for chocolate daisy, which was not affected by salinity (Fig. 1).
Chocolate daisy grew slowly during the experimental period with large variations among
individual plants and therefore, no significant differences were observed among the
treatments. For mealy cup sage, shoot DW was not different among control, EC of 2.8,
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3.9, and 5.5 dS·m-1. For Mexican Hat and evening primrose, no differences were found
in shoot DW between the control and EC 2.8 dS·m-1. The r
reduction of shoot DW was 25%, 27%, and 53% for Mexican Hat and 17%, 19%, and
39% for evening primrose at EC of 3.8, 5.5, and 7.3 dS·m-1, respectively, compared to
the control.
Leaf osmotic potential in the control was highest in lemon horsemint, indicating that this
species has lowest ability in osmotic adjustment (Table 3). Since no plants of lemon
horsemint survived, no data of osmotic potential was able to compare with other
species. Generally, leaf osmotic potential decreased with increasing salinity in Mexican
hat, mealy cup sage, and evening primrose. In the survived plants of chocolate daisy in
control, EC of 2.8 and 3.9 dS·m-1, no differences were found. Leachate salinities were
pooled from species. The EC of leachate measured in the middle of the experiments
were 3.8, 7.1, 11.8, 14.6, and 16.2 dS·m-1 for treatments of EC 0.8 (control), 2.8, 3.9,
5.5, and 7.3 dS·m-1, respectively. These results indicated salt accumulation in the root
zone.
In summary, lemon horsemint was most sensitive to salinity stress and could not
tolerate any elevated salinity in irrigation water. Chocolate daisy was moderately
sensitive and may be irrigated with low salinity less than 3.9 dS·m-1. Based on the
current study, the order of salt tolerance among the five was Mexican hat > evening
primrose and mealy cup sage > chocolate daisy > lemon horsemint.
Literature Cited
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Table 1. Survival percentage (%) of five wildflower species irrigated with saline solution
at electrical conductivity (EC) of 0.85 (control, tap water), 2.79, 3.89, 5.50, or 7.26 dS·m1
for five weeks.
Survival percent (%)
Species
EC = 0.8 EC = 2.8 EC = 3.9 EC = 5.5 EC = 7.3
Chocolate daisy
90
90
100
20
30
Lemon horsemint
100
0
0
0
0
Evening primrose
100
100
100
100
80
Mexican Hat
90
100
100
90
90
Mealy cup sage
100
100
90
100
80

Table 2. Visual quality (score) of five wildflower species irrigated with saline solution at
electrical conductivity (EC) of 0.85 (control, tap water), 2.79, 3.89, 5.50, or 7.26 dS·m-1
for five weeks. Score of 0 = dead, 5 = excellent.
Visual score
Species
EC = 0.8 EC = 2.8 EC = 3.9 EC = 5.5 EC = 7.3
Chocolate daisy
4.8
4.4
4.8
0.6
1.5
Lemon horsemint
3.5
0
0
0
0
Evening primrose
4.6
4.6
4.4
4.5
3.1
Mexican Hat
4.9
5.0
4.5
4.7
4.9
Mealy cup sage
5.0
4.9
4.4
4.5
3.3

Table 3. Leaf osmotic potential measured at the end of the experiment of five wildflower
species irrigated with saline solution at electrical conductivity (EC) of 0.85 (control, tap
water), 2.79, 3.89, 5.50, or 7.26 dS·m-1 for five weeks.
Leaf osmotic potential (MPa)
Species
EC = 0.8
EC = 2.8
EC = 3.9
EC = 5.5
EC = 7.3
Chocolate daisy
-1.59 A b z
-1.71 A
-1.43 A
-y
Lemon horsemint
-1.29 a
Evening primrose
-1.81 AB bc
-2.25 DC
-1.76 A
-2.15 BC
-2.56 D
Mexican Hat
-1.66 A bc
-1.76 A
-1.95 AB
-2.17 B
-2.51 C
Mealy cup sage
-1.92 A c
-2.12 AB
-2.21 ABC
-2.33 BC
-2.53 C
z

means with same capitalized letters in the same row (among treatments) were not
different; means with the same small letters in the same column (among species) were
not different tested by Student-Newman-Keuls multiple comparisons at P = 0.05
y
not measured (dead or not enough replicates).
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Fig. 1. Shoot dry weight (DW) of five wildflower species irrigated with saline solution at
electrical conductivity of 0.8 (control, tap water), 2.8, 3.9, 5.5, or 7.3 dS·m-1. Vertical
bars represent standard errors.
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Phytophthora nicotianae From Water
Elizabeth T. Nyberg1, Inga M. Meadows2, Steven N. Jeffers2, Sarah A. White3
1

Environmental Toxicology, Clemson University, Pendleton, SC 29670
Department of Entomology, Soils,and Plant Sciences, Clemson University
Clemson, SC 29634
3
Department of Environmental Horticulture, Clemson University, Clemson, SC 29634
2

Index Words: Phytophthora nicotianae, slow sand filtration, physical filtration
Significance to Industry: This research is an initial investigation to evaluate the
efficiency of various filter substrates to remove propagules of oomycete plant pathogens
from recycled irrigation water at ornamental plant nurseries. Eventually, our results can
be used to develop an ecological pathogen remediation system for recycled irrigation
water, which should increase the use of alternative water sources in the nursery
industry.
Nature of Work: As demands for fresh water increase due to population growth, there
is a growing need to reduce water usage and reuse wastewater. Almost 60% of the
world’s fresh water resources is used for irrigation and approximately half of this is
available for reuse after irrigation (1). The ornamental plant nursery industry has made
a significant effort to increase water use efficiency by capturing, treating, and recycling
irrigation runoff. Ecologically based, low maintenance water remediation systems have
been developed to remove fertilizers and pesticides from irrigation runoff (2). However,
developing a strategy to mitigate plant pathogens in runoff water is essential to improve
the utility of these water remediation systems, so they will be useful for all types of
nurseries. The removal or elimination of propagules of plant pathogens, species of
Phytophthora and Pythium in particular, is critical if irrigation water is to be recycled and
reused. These pathogens are present in many nurseries and greenhouses, and
irrigation water can be a primary dispersal mechanism (3). If infested water is applied to
crops, there is an elevated threat of wide-spread epidemics, crop damage, and lost
profits (3,4). The traditional methods for treating water—e. g., chlorination, ozonation,
and ultraviolet radiation—are expensive to install and maintain, which deters many
nursery owners from initiating a water-recycling program (3).
Species of Phytophthora produce motile, swimming zoospores that are disseminated in
water (5). Phytophthora nicotianae was used in this study because it attacks over 200
plant species worldwide and is one of the most common species attacking nursery
plants and infesting irrigation water in the southeastern USA (3,4,5; Jeffers, personal
observation). It would be a significant improvement to modify ecologically based, low
maintenance water remediation systems to remove propagules of these destructive
plant pathogens. Therefore, the overall goal of this project is to evaluate the
effectiveness of five substrates—sand, crushed brick, calcined clay, Kaldnes® medium,
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and polyethylene beads—to remove zoospores of P. nicotianae from water. Wohanka
et al. (6) optimized the removal of several plant pathogens using slow sand filtration;
however, investigating substrates that have the potential for higher flow rates is critical
for practical application at the relatively large nurseries in the southeastern USA, which
use large volumes of water on a daily basis. Slow sand filtration efficiency is based on
physical, chemical, and microbial parameters of the substrate and water system (7).
For this research, we will analyze the physical and microbial parameters for the selected
substrates, but we report here only the physical attributes of these substrates.
A series of transparent poly-vinyl chloride (PVC) columns (5 cm in diameter, 121 cm
tall) were constructed to evaluate the five substrates (Figure 1). The bottom of each
column was sealed with a PVC cap fitted with a mesh lining and a valve to keep
substrates in the column and to regulate flow, respectively. A 13-gal sump tank and
pump evenly supplied water to each column. Before use, substrates were washed and
dried to remove fine dust and to maximize flow. The physical filtration capacity of each
substrate was evaluated at six depths: 0, 5, 10, 20, 40, and 60 cm.
Zoospores of P. nicotianae were produced and quantified in the laboratory. Zoospores
were added to distilled water to prepare a standard suspension of 1×104 zoospores/L,
and a fixed volume of this suspension was added to the top of each column as a single
injection at a consistent flow rate. Samples of water entering and exiting each column
were collected and assayed for zoospores by passing 200-ml aliquots through
polycarbonate membrane filters with 3-µm pores. Filters were inverted onto plates of
PARPH-V8, a medium selective for species of Phytophthora (8,9), and isolation plates
were placed at 20°C for 24 hr. Filters then were removed and colony-forming units
(CFU) were counted to determine the densities of zoospores in the water entering and
passing through each column of substrate.
All six depths of each of the five substrates were evaluated six times, and the means of
each substrate × depth combination were calculated. Densities were adjusted so that
each trial of the experiment had the same initial zoospore density. This adjustment
resulted in reporting the changes in zoospore densities among water samples passing
through the columns compared to the control for each substrate (depth = 0), which had
the maximum zoospore density. By standardizing densities, comparisons among all
substrates and depths could be made. Data were analyzed statistically using JMP
v.8.0.2 statistical software (SAS Institute, Cary, NC). Means were separated based on
Fishers protected least significant difference (LSD, P = 0.05).
Results and Discussion: Filtration efficiency varied significantly among the substrates
and depths (Figure 2). In a two-way analysis of variance, the substrate × depth
interaction was significant (P < 0.05), indicating that filtration efficiency was affected
differentially by depth for each substrate. Sand was the most efficient physical filtration
substrate at all depths. Zoospore densities in effluents from sand columns were
significantly different from the other substrates at each depth except 5 cm. Zoospores
were not recovered in effluent passing through sand depths of 40 and 60 cm, unlike the
other substrates where zoospores were recovered in effluents from all depths. This
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difference maybe a consequence of the varying physical properties associated with
each substrate (Table 1). Wohanka et al. (6) proposed that a substrate with a uniformity
coefficient maximum of 5 and small pore spaces will have an optimum physical filtration
ability. Sand had the most uniform grain sizes and the smallest effective grain size, both
characteristics of an effective physical filter medium (Table 1). The filtration efficiency of
brick and calcined clay were similar across all depths (Figure 2), but their effective grain
sizes differed considerably (Table 1). Brick and calcined clay filtered zoospores better
than the other two substrates (Kaldnes® medium and polyethylene beads). Kaldnes®
medium and polyethylene beads were least effective at removing zoospores from water
(Figure 2). Although the filtration efficiencies of these two substrates were similar at
most depths, their particle diameters differed by three-fold (Table 1).
The physical features of a substrate like sand can be directly responsible for effectively
removing zoospores of P. nicotianae from water—as we have demonstrated; however,
the microbial component also has been shown to be an important component in the
slow sand filtration system (6,7). Therefore, in our next experiments, we will evaluate
the additive effect of biofilms produced by bacteria on zoospore removal by all the
substrates used here to determine if filtration efficiency can be enhanced. Eventually,
we plan to incorporate a subsurface filtration module into a constructed wetlands
system (2), so nurseries in the southeastern USA have an ecologically based, low
maintenance water treatment system to cleanse recycled irrigation water.
Literature Cited
1. U.S. Geological Survey. March 2010. Irrigation Water Use.
http://ga.water.usgs.gov/edu/wuir.html. [Accessed: October 27, 2010].
2. Garcia, J., Rousseau, D. P. L., Morato, J., Lesage, E., Matamoros, V. and Bayona,
J. M. 2010. Contaminant Removal Processes in Subsurface-Flow Constructed
Wetlands: A Review. Critical Reviews in Environmental Science and Technology 40:
561-661.
3. Hong, C.X., and Moorman, G.W. 2005. Plant pathogens in irrigation water:
Challenges and opportunities. Critical Reviews in Plant Sciences 24:189-208.
4. Benson, D. M., and von Broembsen, S. 2001. Phytophthora root rot and dieback.
pp 52-56 in: Diseases of Woody Ornamentals and Trees in Nurseries. R. K. Jones
and D. M. Benson (eds.). The American Phytopathological Society, St. Paul, MN.
5. Erwin, D.C., and Riberio, O.K. 1996. Phytophthora Diseases Worldwide. The
American Phytopathological Society, St. Paul, MN.
6. Wohanka, W., Luedtke, H., Ahlers, H., and Luebke, M. 1999. Optimization of slow
filtration as a means for disinfecting nutrient solutions. Acta. Hort 481:539-544.
7. Husiman, L., and Wood, W.E. 1974. Slow Sand Filtration. World Health
Organization. Geneva, Switzerland.
8. Ferguson, A. J., and Jeffers, S. N. 1999. Detecting multiple species of Phytophthora
in container mixes from ornamental crop nurseries. Plant Disease 83:1129-1136.
9. Jeffers, S. N., and Martin,S.B. 1986. Comparison of two media selective for
Phytophthora and Pythium species. Plant Disease 70:1038-1043.

Water Management

159

SNA Research Conference Vol. 56 2011

Figure 1.PVC columns used to evaluate physical filtration by substrates at different
depths. These columns are filled with two replicates of polyethylene beads at six
depths: 0, 5, 10, 20, 40, and 60 cm.

Figure 2. Efficiency of six depths of each of five substrates to filter zoospores of
Phytophthora nicotianae from an aqueous suspension.The y-axis represents the
change in the number of zoospores (reported as colony-forming units [CFU] in 600 ml)
passing through a substrate compared to the control (no substrate, depth = 0). Error
bars are the least significant difference (LSD, ±15); therefore, at each depth, substrates
with overlapping error bars are not significantly different.
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Table 1. Physical characteristics of five substrates evaluated as filters for zoospores of
Phytophthora nicotianae.
Uniformity
coefficient

Effective grain size
(mm)

Particle diameter
(mm)

Sand

1.89

0.28

n/a

Crushed brick

2.60

2.60

n/a

Calcined clay

2.07

0.95

n/a

Kaldnes® medium

n/a*

n/a

10.0

n/a

3.0

Substrate

Polyethylene
n/a
beads
* n/a = Data not applicable to substrate.
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The University of Georgia, Department of Horticulture, Athens, GA 30602
lucasomeara@gmail.com
Index Words: daily light integral, evapotranspiration, irrigation, load cell, predictive
modeling, transpiration
Significance to Industry: With global climate change, commercial and residential
expansion, and population growth on the rise, water availability and usage is becoming
an increasingly important issue. Large nurseries may use up to 3,000,000 gallons of
water per day to irrigate their inventory and can spend hundreds of thousands of dollars
per year just to power irrigation equipment. Growers often encounter pathological
problems (both foliar and root-related) due to improper irrigation practices, which can
result in decreased product salability and increased crop losses. One hurdle that
makes more efficient irrigation difficult is the lack of quantitative information regarding
the water requirements of plants. The goal of this study was to determine the effect of
plant size and environmental conditions on water use of hydrangea ‘Pia’ and ‘Fasan’.
Daily water use ranged from 50 to 300 ml/plant per day. Taken together, plant age, final
leaf area, daily light integral(DLI), temperature, and vapor pressure deficit (VPD)
explained 90 and 95% of the day-to-day fluctuations in daily water use of ‘Fasan’ and
‘Pia’, respectively, with plant size and DLI being by far the most important factors.
Temperature and VPD had a much smaller, but significant effect on plant water use.
Our results suggest that taking plant size and DLI into account can help growers
determine the daily water needs of hydrangeas, and thus help to make irrigation more
efficient.
Nature of Work: Excessive irrigation can result in a wide array of economical and
physiological problems in ornamental plant nurseries and with the cost of plant
production increasing faster than the cost per unit of plant material (2), the need for
more efficient irrigation practices is paramount. It has been shown that over-watering
can increase plant susceptibility to root diseases, such as phytophthora (1), and can
lead to eutrophication of surface water bodies due to high levels of nitrogen and
phosphorus contained in irrigation runoff (3). Our objective was to investigate the
relationship between plant size, environmental factors, and water consumption of
Hydrangea macrophylla. Data obtained in this study may be used at a later date to
develop predictive modeling software that would control irrigation frequency and
duration in accordance with the exact needs of the plants.
Our study took place at the Center for Applied Nursery Research (Dearing, GA). Thirty
two rooted cuttings of each Hydrangea macrophylla cultivar, 'Fasan' and 'Pia'
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(James Greenhouses, Colbert, GA), were transplanted into #2 containers filled with a
composted pine bark medium (bark amended with, 4 lbs. lime, 1.5 lbs. micromax, 1.5
lbs gypsum, 2 lbs. talstar, 4 lbs. Osmocote Pro 18-6-12/ cu. yd.). The plants were
arranged on a custom drip irrigation system with four plants from each cultivar mounted
on load cells (LSP-10, Transducer Techniques, Temecula, CA). The system was
controlled using a datalogger (CR10, Campbell Scientific, Logan, UT) and multiplexer
(AM25T, Campbell Scientific) and the datalogger controlled water applications and
stored environmental and water use data. Light levels were monitored using a quantum
sensor (QSO-sun, Apogee instruments, Logan, UT), while temperature and humidity
data were collected with a temperature/humidity probe (HMP50, Vaisala, Helsinki,
Finland).
The plants were watered daily at 10 pm for 30 minutes to bring the substrate moisture
level to container capacity, ensuring that water would not limit evapotranspiration.
Leachate was allowed to drain for an hour and a half before the plants were weighed at
midnight, establishing a base weight for the start of each day. At 10:00 pm every night,
the datalogger recorded the weights of the eight plants mounted on the load cells as the
final weight for each day, before the plants were irrigated again. The datalogger then
calculated the decrease in weight that occurred during that day and stored that value as
the daily water use (DWU). Light levels, temperature, and relative humidity were
measured every 5 minutes and compiled at 11:55 pm, at which time the datalogger
calculated the daily light integral. The datalogger also calculated the vapor pressure
deficit from temperature and humidity measurements. Maximum, minimum and daily
average values were stored for photosynthetic photon flux, temperature, and vapor
pressure deficit.
After 83 days, the plants mounted on the load cells were harvested. Total plant leaf
area measurements were taken (LI 3100, Li-Cor, Lincoln, NE). The containers, still filled
with substrate and roots, were brought to container capacity, weighed, dried, and
weighed again to calculate the total water holding capacity of the pine bark medium.
Due to poor growth of one ‘Pia’ and one ‘Fasan’ plant, only three plants of each cultivar
were used in the data analysis. The effects of environmental and plant parameters on
daily water use of the plants were tested using linear and multiple regression. Stepwise
selection was used to eliminate non-significant factors from the model (proc REG, SAS
9.2, The SAS Institute, Cary, NC).
Results and Discussion: Average DWU rates of both cultivars showed a gradual
increase over time from 50 to 300 mL/day (Fig. 1), likely as the result of increasing plant
size. There was a 12% difference in average DWU between 'Fasan' (231 mL/day) and
'Pia' (207 mL/day). Overall, the plants only used 2.5-15% of the approximately 2 L
present in the substrate at container capacity, indicating that water use was never
limited by water availability in the substrate. On the 48th day of the study, shade cloth
was pulled over the hoophouse, which resulted in an immediate and sustained
decrease in DWU of both cultivars (Fig. 1). DLI was the only environmental factor
significantly decreased by the application of the shade cloth, while temperature and
VPD remained similar (Fig. 2). There was a clear effect of DLI on DWU; on days with
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low light levels DWU was low as well (e.g,, day 3, 61, and 73). Surprisingly, there was
no correlation between DLI and DWU (Table 1), but there were strong correlations
between DWU and the interaction of DLI and plant age, as well as the three-way
interaction among DLI, plant age, and leaf area. Other factors correlated with DWU
include temperature, VPD and the interaction between leaf area and plant age (Table 1).
For a more in depth analysis of which factors were important in determining DWU,
multiple regression was used with stepwise selection. Partial R2 values were used to
quantify the effect of various factors on DWU. This regression indicated that 83.2% of
day-to-day changes in DWU of 'Fasan' could be explained by the plant age, final leaf
area, and DLI combined. Although VPD and temperature were statistically significant,
they only explained another 6.5% of fluctuations in DWU and were not as biologically
important as plant age, leaf area, and DLI. 90.8% of fluctuations in DWU of 'Pia' could
be explained by the combination of plant age, final leaf area, and DLI, while VPD and
temperature only explained an additional 4.03%. Our finding that DLI is by far the most
important environmental variable affecting plant water use is consistent with earlier
findings that showed that 79% of fluctuations in daily water use of petunia could be
explained based on plant age and DLI (4).
Our results suggest that by monitoring plant size and DLI, growers can more accurately
determine the daily water requirements of hydrangea and irrigate their stock more
efficiently, improving both economical and environmental aspects of ornamental plant
production. Although other environmental factors, such as temperature and vapor
pressure deficit also affect water use, they are much less important than light levels.
Acknowledgements: We thank Sue Dove and Mike McCorkle for their help with this
research. Funding for this research was provided by USDA-NIFA-SCRI award no.
2009-51181-05768 and the Center for Applied Nursery Research.

Literature Cited:
1. Blaker N.S. And J.D. MacDonald. 1981. Predisposing effects of soil moisture
extremes on the susceptibility of Rhododendron to Phytophthora root and crown rot.
Phytopathology 71: 831-834.
2. Jerardo, A. 2006. Floriculture and nursery crops outlook. U.S. Dept. Agr. FLO-05.
3. Majsztrik, J.C., A.G. Ristvey and J.D. Lea-Cox. 2010. Water and nutrient
management in the production of container-grown ornamentals. Horticultural
Reviews (in press).
4. van Iersel, M.W., S. Dove, J.G. Kang, and S.E. Burnett. 2010. Growth and water use
of petunia as affected by substrate water content and daily light integral. HortScience
45:277-282.

Water Management

164

SNA Research Conference Vol. 56 2011

Table 1. The relationship between daily water use and
various parameters used to explain day to day changes in
water use of two hydrangea cultivars as indicated by
Pearson’s correlation coefficients (r) and significance (P).
DLI = daily light integral, VPD = vapor pressure deficit.
Cultivar
----- ‘Fasan’ ---- -------- ‘Pia’ -------r
P
r
P
Day
0.646
<.0001
0.581
<.0001
DLI
0.064
0.3186
0.077
0.2338
Temperature
0.806
<.0001
0.719
<.0001
VPD
0.750
<.0001
0.690
<.0001
Leaf area
-0.169
0.0085
0.413
<.0001
Day * DLI
0.885
<.0001
0.804
<.0001
Day *leaf area
0.582
<.0001
0.721
<.0001
DLI * leaf area
0.012
0.8526
0.234
0.0002
DLI * leaf area *
day
0.812
<.0001
0.923
<.0001
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Fig. 1. Daily water use of Hydrangea macrophylla 'Fasan' and 'Pia'.
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Fig. 2. Daily light integral (DLI), temperature, and vapor pressure deficit (VPD) over the
85 day experiment.
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Growth of Petunia as Affected by Substrate Moisture Content
and Fertilizer Rate
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Significance to Industry: A large percentage of fertilizer applied to plants can be lost
through leaching if irrigation is excessive. Soil moisture sensor-controlled irrigation can
significantly reduce or even eliminate leaching. If leaching is reduced, growers might be
able to use lower fertilizer rates to grow their crops, which can result in significant
financial savings. The objective of our study was to quantify the optimal fertilizer rates
for petunia, when the plants are grown at different substrate volumetric water contents
(VWC). Petunias (Petunia × hybrida ‘Dreams White’) were grown at four substrate VWC
levels (0.1, 0.2, and 0.4 m3·m-3) and with 8 fertilizer rates (0, 5, 10, 15, 20, 30, 40, and
60 g/container; 0 - 2.5 g/plant). Fertilizer rate had a quadratic effect (P = 0.001) on shoot
dry weight, while there also was a linear effect of VWC (P = 0.0189), and an interactive
effect of VWC and fertilizer rate (P = 0.0001) on shoot dry weight. The optimal fertilizer
rate for growth was 1.3 to 1.7 g/plant. VWC and fertilizer rate also affected leaf size; the
size of leaves doubled as the VWC set point increased from 0.10 to 0.40 m3·m-3 and
increased by 16 – 34% as the fertilizer rate increased from 0 to 2.5 g/plant. Water use
was affected by the VWC set point. With no leaching, approximately 0.4 L/plant of
water was needed to grow petunia from plug seedling to full bloom in 23 days at a VWC
of 0.4 m3·m-3. Growers should be able to reduce fertilizer rates with efficient irrigation
methods that minimize leaching.
Nature of work: The cost of producing commercial plants has increased in recent years
due to increased cost of labor and fertilizers (1). Increasing water scarcity and
increasingly strict regulations regarding runoff pose additional challenges to greenhouse
and nursery growers. Excessive irrigation causes most of the leaching and runoff of
fertilizers and pesticides. Leaching of fertilizers is more prevalent when fertigation is
used, but can also happen with controlled slow release fertilizers. The resulting runoff
poses a threat to ground and surface water quality, and many states regulate this runoff
(3). Efficient irrigation techniques reduce leaching and thus the amount of fertilizer
needed to grow plants. Reduced irrigation runoffs also ensure environmental
conservation and produces savings on the general cost of production.
Crop water use refers to the total amount of water lost through evaporation from the
substrate and plants transpiration (6). Substrate water content influences substrate
water potential and consequently water availability and use by plants. Fertilizer rates
also affect plant growth with low rates potentially cause nutrient deficiencies, while high
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fertilizer rates can cause toxicities and/or osmotic stress. High fertilizer rates often
specifically enhance shoot growth (increased size and number of leaves), which in turn
increases water loss through transpiration (2) and thus increases the water
requirements of the crop. However, these interactions between fertilizer rate, substrate
water content, and crop water use are poorly understood.
Automation of water application has been a challenge in the past due to a lack of
precise and accurate methods to measure substrate water content. With advances in
sensor and data logging technology, accurate monitoring and control of substrate
volumetric water content has become possible, and this can reduce or eliminate
leaching. Such technologies provide exciting opportunities for growers, but fertilizer
management may need to be improved, since excess fertilizer salts might no longer be
leached from the substrate.
The objective of this experiment was to quantify the interactive effects of different
fertilizer rates and substrate water contents on growth of petunia under zero-leaching
conditions. As part of this research we aimed to develop guidelines for fertilizer rates
and substrate water contents that can be used to grow high quality bedding plants.
Plant material. Petunia (Petunia × hybrida ‘Dreams White’) seedlings were obtained
from a commercial greenhouse (Tagawa Greenhouses, Brighton, CO). Twenty-four
seedlings were transplanted into rectangular containers (36 cm × 24.4 cm × 10 cm),
which were filled with a peat: perlite (80:20) substrate (Fafard 1P; Fafard, Agawam,
MA). The substrate was kept well-watered during the first week after transplanting to
allow establishment of the seedlings.
Treatments. Prior to transplanting, different amounts of controlled release fertilizer
(Osmocote 14-14-14, The Scotts Co., Marysville Ohio) were incorporated into the
substrate (0, 5, 10, 15, 20, 30, 40 and 60 g/container; 0 to 2.5 g/plant). Starting one
week after transplanting, irrigation was controlled using an automated, sensor-controlled
system (4). Two capacitance sensors (EC-5; Decagon, Pullman, WA) were inserted
diagonally into the substrate in each container. The sensors were connected to a
datalogger (CR10, Campbell Scientific) using multiplexers (AM416; Campbell Scientific,
Logan, UT). Sensors were measured every 10 minutes and the VWC readings of the
two sensors in one container were averaged. If the average VWC was below the set
point, the datalogger used a relay driver (SDM16AC/DC controller; Campbell Scientific)
to open a solenoid valve for 20 s to irrigate the container. Irrigation set points were 0.10,
0.20, 0.30, and 0.40 m3·m-3. The water volume applied per irrigation event was 88.9 ml
(3.7 mL/plant).
Data collection. The data logger stored the average substrate VWC every 2 hours and
the number of times each container was irrigated daily. Since the water volume per
application was known, we were able to calculate the irrigation volume. Pore water EC
was measured multiple times during the study (SigmaProbe, Delta T Devices,
Cambridge, UK). At the end (23 days) of the experiment, leaf area was measured from
10 fully expanded leaves from the plants in each container (LI3100, Li-Cor, Lincoln,
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NE). The shoots were then cut off at the substrate surface and dried for 1 week at 80
°C, after which their dry weight was determined.
Experimental design and data analysis. The experimental design was a completely
randomized, factorial design with four VWC treatments and eight fertilizer rates. The
experimental unit was a container with 24 plants. Data were analyzed with multiple
regression (SAS 9.2, SAS Institute, Cary, NC).
Results and discussion: Shoot dry weight. There was a quadratic effect of fertilizer
rate (P = 0.0001), a linear effect of VWC (P = 0.0189), and an interactive effect of VWC
and fertilizer rate (P = 0.001) on shoot dry weight (Fig. 1). Shoot dry weight reached a
maximum at fertilizer rates of 1.3 to 1.7 g/plant and decreased at higher fertilizer rates.
The decrease in shoot dry weight at high fertilizer concentration may have been caused
by osmotic stress. Pore water EC increased from 1.2 to 3.6 mS/cm as fertilizer rates
increased from 0 to 2.5 g/plant. Pore water EC was approximately 3.1 to 3.4 mS/cm in
treatments with the highest shoot dry weight. The optimal fertilizer concentration was
lower in treatments with lower VWC. An interaction between fertilizer rates and
volumetric water content is consistent with previous findings (5). There was
approximately 66% increase in shoot dry weight as the VWC set point increased from
0.1 to 0.4 m3·m-3.
Leaf size. The area of the uppermost fully expanded leaf increased both with increasing
VWC set point and with increasing fertilizer concentrations (Fig. 2). Substrate water
content had the most impact on leaf size, which doubled as the VWC set point
increased from 0.10 to 0.40 m3·m-3. Leaf area increased by 16 – 34% as the fertilizer
rate increased from 0 to 2.5 g/plant.
Water use. Plant water use was greatly affected by the VWC set point, and increased
from 120 to 375 ml/plant as the set point increased from 0.10 to 0.40 m3·m-3. This
corresponds to an average irrigation volume of 5.2 to 16.3 ml/plant/day. Daily water use
was also influenced by weather conditions. Warmer, brighter days resulted in higher
water use (results not shown).
Flowering. Flowering of plants generally decreased with increasing fertilizer rates (Fig.
4). Since flowering is an important quality characteristic for petunias, growers need to
balance flowering and shoot growth, since shoot growth is maximized at fertilizer rates
that reduce flowering of petunia.
Important plant characteristics in commercial production, like height, leaf area and
flowering, are affected both by water and nutrition and maintaining a balance is critical
for the production of high-quality plants. Balancing fertilization and irrigation is a
challenge faced by many commercial greenhouse and nursery growers. Growers often
use higher fertilizer rates and more water than plants require. The result may be tall,
overgrown, delicate plants that require growth regulators, adding to the cost of
production. Growers can grow plants with lower fertilizer rates if leaching is minimized,
and soil moisture sensor can help to achieve this. With no leaching, we grew high
quality petunias with the fertilizer as low as 0.8 g/plant (7.1 lbs/yd3 of substrate).
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Fig. 1. Shoot dry weight of petunias grown with different rates of controlled release
fertilizer at four different substrate water contents. Colored lines indicate the result of
the regression analysis.
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Fig. 4. Appearance of petunias grown with different rates of controlled release fertilizer
and at four different substrate water contents. Plant growth increased with increasing
substrate water content, but flowering was reduced with high fertilizer rates.
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Significance to the industry. More efficient irrigation practices can have many
benefits for both nurseries and society-at-large. Benefits for nurseries include better
control over plant quality, reduced water and fertilizer use, less power consumption
(related to running pumps for irrigation), fewer problems with root pathogens, and less
runoff, while benefits for society-at-large include a reduction in potential pollution from
nurseries (e.g. runoff of fertilizer and pesticides), a decrease in competition for water
resources, and decreases in CO2 emissions. Perhaps the most significant barrier to
implementation of more efficient irrigation practices is the lack of knowledge regarding
when plants need to be watered and how much water needs to be applied. Here we
describe the use of a wireless network to monitor environmental conditions, substrate
water content of selected crops, and irrigation water applications. Such networks can
provide growers with real-time information regarding the water status of their crops and
provide valuable information regarding the efficiency of water applications.
Nature of work. Irrigation is necessary during the production of containerized nursery
crops, due to the relatively small volume of substrate that is used to produce the plants.
To assure rapid growth, it is crucial to supply the plants with water and nutrients as
needed. Nutrients generally are incorporated into the substrate, applied by topdressing,
or added to the irrigation water in a water-soluble form. Irrespective of how the fertilizer
is applied, irrigation and fertilization are closely linked, since movement of nutrients
through the substrate depends on water (see Majsztrik et al. (1) for an in-depth review).
Excessive irrigation leads to leaching of nutrients. This leaching constitutes an
economic loss to the grower, since these nutrients are no longer available to the crop
and pose a potential environmental risk, since fertilizer runoff can contribute to
eutrophication of water bodies. Excessive irrigation can also produce conditions
amenable to root pathogens, and thus lead to significant crop losses. Finally, excessive
irrigation carries a direct cost for nursery growers, since the expenses for the power to
run irrigation pumps can be significant. Thus, more efficient irrigation practices can
have many benefits for nurseries.
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At the same time, there are benefits to society-at-large when irrigation practices are
improved. A reduction in runoff, and less risk of environmental pollution, can help
safeguard environmental quality and reduce the need for water treatment. Reductions
in power consumption will result in a decrease in CO2 emissions, and may thus
contribute to slowing down global climate change.
The objective of this project was to test a wireless sensor network in a commercial
nursery, and to determine whether real-time sensor data can be used to improve
irrigation practices. This work was done in collaboration with Evergreen Nurseries in
Statham, GA. At this nursery, a wireless network, consisting of four dataloggers
(EM50R, Decagon Devices, Pullman, WA) was installed. These dataloggers can be
used to measure a wide variety of sensors. In this case, one of the dataloggers was
configured as a weather station by connecting a photosynthetic photon flux sensor
(Apogee Instruments, Logan UT), a relative humidity and temperature sensor (Decagon
Devices), and a rain gauge (Decagon Devices). The other three dataloggers were used
to monitor substrate water content in various crops, by connecting four soil moisture
sensors (EC-5, Decagon Devices) to the datalogger. Later on, a rain gauge was
connected to these loggers as well, with the purpose of monitoring rainfall and irrigation
of each crop. The dataloggers measured each sensor once every 20 minutes. All
crops were irrigated using overhead sprinklers and grown in hoop houses covered with
shade cloth. All four dataloggers communicated wirelessly with the basestation
connected to a computer running DataTrac software (Decagon Devices). This software
provides a simple interface to allow users to graph the data from multiple dataloggers.
This allowed the grower to have easy access to all data as they were being collected.
Researchers had remote access to the computer at the nursery using remote access
software (TeamViewer 5.0, TeamViewer GmbH, Göppingen, Germany).
Results and Discussion. Figure 1 is a screenshot from the DataTrac software
showing the environmental conditions in the nursery during a one week period. Relative
humidity was generally close to 95% pre-dawn and decreased to 20-30% in the
afternoon. There was a clear, inverse relationship between relative humidity and
temperature, which ranged from 40 to 55 °F pre-dawn to 75 to 85 °F in the early
afternoon. There was only one small rain event during this period, in the morning of
October 20.
The substrate water content as measured in one hoop house with both lantanas and
gaillardias is shown in Fig. 2. Irrigation practices were changed during the two-week
period shown here: during the first week, the crops were irrigated for 15 minutes on
most days, while the crops were not irrigated on October 8 and 11. During the second
week shown in this graph, the crops were irrigated twice daily, 8 minutes each time.
The goal of using cyclic irrigation was to reduce leaching. The gradual increase in
substrate water content following the switch to cyclic irrigation does indeed suggest that
more of the applied irrigation water was retained by the substrate.
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The data in Fig. 3 are from a hellebores crop during the period August 14 – September
4, 2010. These data show the average of the readings from four different sensors. As
can be seen in the top graph, there was regular rain from August 13-23, and, as
expected, each significant rainfall event resulted in a rapid increase in substrate water
content. The rain largely stopped after August 22 and the substrate starts to dry out
gradually from that time on. The substrate dries out much faster during the day than at
night, presumably related to the greater vapor pressure deficit and opening of the
stomates during the daylight hours. In early September, the crop was irrigated twice (as
indicated by the red arrows).
The data obtained from the wireless sensor network clearly show the dynamic changes
in substrate water content. However, looking at the change in substrate water content
from one measurement to the next can add valuable information. To do so, we simply
subtracted the current substrate water content from that measured 20 minutes earlier
(Fig.4, red line). Note that only decreases in substrate water content (leaching and/or
evapotranspiration) are shown. Irrigation and rainfall would appear as large negative
values and are excluded for clarity.
When looking at the change in substrate water content, it is clear that each significant
rain event is followed immediately by a rapid decrease in substrate water content (i.e.,
the spikes in the red curve). This indicates that very shortly after a rainfall event, the
water drains to below where the sensor is in the container. Given the size of the pots,
that likely means that, this water leached out of the pots. Such leaching events are
much easier to see when looking at the change in substrate water content, rather than
the substrate water content itself. This also can be seen in the data from the two
irrigation events near the end of this period: the first irrigation, on September 1,
apparently resulted in very light leaching, while there was a fair amount of leaching after
the irrigation on September 2, as indicated by the rapid decrease in substrate water
content following that irrigation.
The information that can be obtained using these wireless networks can be used to
make irrigation practices more efficient. Substrate water content readings can be used
to determine when irrigation is needed. By adjusting the irrigation time, and determining
how much the substrate water content increases after irrigation will allow for the
determination of how much water needs to be applied during an irrigation event. A
rapid decrease in substrate water content is indicative of leaching.
The currently available hardware is able to monitor substrate water content and can
help growers make decisions regarding irrigation. Planned improvements in the
hardware include the incorporation of a relay, which would allow these dataloggers to
open and close irrigation valves, based on grower-defined conditions. We also expect
that sensors that can measure both substrate water content and electrical conductivity
will soon be available. Such sensors will help to further integrate irrigation and
fertilization. Measurements of electrical conductivity could be used to determine
whether leaching is needed or whether additional fertilizer applications may need to be
made.
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Figure 1. Screenshot of the DataTrac graphic user interface showing environmental
conditions in a nursery during a one week period. Data include temperature (red), light
intensity (green), relative humidity (orange), and rainfall (blue).
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Figure 2. Screenshot showing the DataTrac graphic user interface. The four lines show
substrate water content of two containerized lantana (green and black, plants in #2
containers) and two gaillardia plants (purple and blue, #1 containers). Pink bars
indicate rainfall or irrigation events. Irrigation was changed from once daily to twice
daily on October 14.
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Figure 3. Substrate water content of a Hellebores crop (top, average of four sensors)
and environmental conditions (rain, top and RH, temperature and photosynthetic photon
flux (PPF), bottom) in a commercial nursery. Plants were grown in #1 containers.
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rapid decrease in substrate water content following each significant rainfall event (blue
bars, bottom). This is indicative of leaching. Plants were grown in #1 containers.
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Significance to Industry: Floating wetlands are new tools that along with modified
production practices can help growers reduce nitrogen and phosphorus runoff from
production areas into surface waters. Plants installed in the floating treatment systems
can be harvested, composted, and biomass mixed with container substrate or applied
as a soil amendment, facilitating nutrient recycling. This research documented nutrient
uptake by golden canna, Red top bentgrass, and Soft rush. Each plant was harvested
on a biweekly basis from floating mats installed in a series of ponds. Red top bentgrass
and golden canna fixed similar mass quantities of N and P on a per unit area treatment
basis and are good plant selections for use in floating wetlands during the summer
season.
Nature of Work: Water quality degradation is a concern throughout the U.S. and
regulators are beginning to impose limits on nutrient release into watersheds and basins
by imposing numeric nutrient criteria and by mandating capture and treatment of runoff.
In the future, nurseries and other green industry producers in states that have not been
heavily regulated in the past will have to implement treatment technologies to comply
with water quality regulations. Constructed wetlands are used to cleanse wastewater
and runoff of various contaminants including pesticides, metals, and nutrients.
Constructed wetlands are ideal treatment tools that can cleanse water of a variety of
contaminants. Floating wetlands are a modification of constructed wetlands and can be
used in existing retention ponds to provide similar treatment capacity but without loss of
land or initial capital investment. Floating wetlands are effective treatment systems
because of the large root surface areas in contact with the water column (1, 2). They
have been examined for their utility in treating swine lagoon wastewater (2), urban
sewage and stormwater treatment (3), and agricultural and municipal wastes (1,4). The
high root surface area in the water column provides habitat for microbial communities
that aid in contaminant uptake and transformation. Previous research by White et al. (1)
suggested that aeration enhanced nutrient uptake and remediation by plants
established in floating wetlands. This study was designed to examine the nutrient
uptake of three plant species Canna flaccida (Golden canna), Juncus effusus
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(Softrush), and Agrostis alba (Red top bentgrass) over time in an aerated pond and to
determine the biomass accumulation rate and N and P removal rate of each species on
a plant and per unit area basis.
The experiment was performed in a two-stage small-scale flow-through pond system.
The upper pond where nutrient injection occurred was 500 ft2 and effluent from this
pond flowed into the lower treatment pond that was 918 ft2. Plants from each species
examined were seated in floating mats and placed in the lower pond on May 10, 2010
the same date that nutrient additions were initiated in the upper pond. The lower pond
was the treatment pond and floating mats were planted with C. flaccida, J. effusus, and
A. alba. Each pond was sampled for water quality on a bi-weekly basis and three plants
from each species were harvested when water samples were collected through August
30, 2010. Water samples were analyzed for 1) anions [Nitrite (NO2), Nitrate (NO3), and
phosphate (PO4) via ion chromatography with a Dionex AS10 IC ion chromatograph
(Dionex Corp., Sunnyvale, CA], 2) total organic carbon (dissolved carbon from organic
sources that is available for microbial metabolic functions) via NPOC/TN analysis using
a Shimadzu TOC-V CPH total organic carbon analyzer with TNM-1 total nitrogen
measuring unit (Shimadzu Scientific Instruments, Kyoto, Japan), and 3) total
phosphorus (P), potassium, calcium, magnesium, zinc, copper, manganese, iron, sulfur,
sodium, boron and aluminum via inductively coupled plasma emission
spectrophotometer (ICP-ES, 61E Thermo Jarrell Ash, Franklin, MA). Average N
[ammonia (NH3) + NO2 + NO3] and P loading rates into the ponds were 3.10 ± 0.94 and
0.27 ± 0.05 mg/L, respectively. These influent concentrations of N and P are consistent
with our first study conducted in 2008 (1).
Plant root and shoot tissue samples were weighed (fresh weight, g) and dried at 80 ºC,
re-weighed (dry weight, g), and then ground in a Wiley mill (Swedesboro, NJ) to pass
through a 40-mesh (0.425-mm) screen. Nitrogen concentration was determined using
100 mg of tissue and assayed using an Elementar Vario Macro Nitrogen combustion
analyzer (Mt. Laurel, NJ), and P was assayed by wet acid digestion procedure using the
nitric acid and hydrogen peroxide method (5). Phosphorus, K, Ca, Mg, Zn, Cu, Mn, Fe,
S, Na, B, and Al concentrations in plant tissues were determined by ICP-ES. Only data
concerning whole plant fresh weight and N and P tissue concentrations will be
presented. Data were analyzed, when appropriate, using SAS PROC GLM procedure
with a MEANS statement (SAS Institute Inc. Cary, NC).
Results and Discussion:
Initial (month 0) percentage of N in plant tissue were similar among plant species, but P
percentage in tissue varied, and golden canna had significantly (P < 0.05) greater initial
tissue P than the other species examined (Fig. 2). During the first month of growth
during the experiment all species gained an average of 136 ± 17 g of fresh weight (Fig.
3), and N and P accumulated in plant tissues were similar among species (Fig. 1 and 2).
However, golden canna accumulated more mass than the other species examined
during the first month, accumulating an additional 167 g of tissue, perhaps contributing
to a dilution-based decline of % P in tissue.
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Plant growth rates, correlated with measured mass increases and were similar among
the plant species screened. Nitrogen accumulation in plant tissues were similar with a
slight increase in N fixed in soft rush tissues over time, while golden canna and red top
bentgrass percent N in tissue were relatively static at each harvest date (Fig. 1 and 3).
Phosphorus accumulation in tissues exhibited a slight downward trend for all species
screened (Fig. 2). This downward trend may be attributed to a dilution-based effect
where plant uptake of P occurred at a slower rate than plant growth, so % P in plant
tissue declined. An alternative theory is that P uptake was reduced by limited N
availability. Each of the plant species screened, especially golden canna, perform
better in nutrient rich environments (6); because nutrient loading rates were relatively
low, low N availability may have limited plant P uptake.
During the fourth month and at final harvest, we found increased growth rates (Fig. 3)
and N and P fixation rates (Fig. 1 and 2) on a per unit area basis in golden canna and
red top bentgrass, in comparison with soft rush; we also detected higher inflow
concentrations during this period (Figure 4). This increased nutrient loading
dramatically increased golden canna growth and N and P uptake on a per unit area
basis (Figures 1-4). Thus, we hypothesize that if nutrient loading rates had been higher
throughout the experiment, N and P uptake into plant tissues may have increased.
However, even though the nutrient loading rates of this experiment were low, all plant
species grew and contributed to highly efficient nitrogen and phosphorus removal.
Red top bent grass accumulated the greatest N and P on a percent tissue basis.
Golden canna accumulated lower tissue percentages of N and P but had a greater
growth rate and thus accumulated similar concentrations of N and P on g per m2 basis.
Soft rush accumulated the lowest concentrations of N and P and was the least efficient
nutrient scavenger of the three species screened in treatment floating wetlands. Golden
canna and red top bentgrass are ideal plants to establish in floating wetlands to
remediate nutrient rich effluent during the summer months in the southeastern USA.
Acknowledgement: Beeman’s Nursery and Clemson University Startup Funds
provided financial support for this project.
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Figure 1. Nitrogen† fixed by plant species established in floating wetland treatment
systems over four months from May 2010 through August 2010.
†
% N in plant tissue and N fixed on a per unit area (g/m2) basis.
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Figure 2. Phosphorus† fixed by plant species established in floating wetland treatment
systems over four months from May 2010 through August 2010.
†
% P in plant tissue, and P fixed on a per unit area (g/m2) basis.
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Figure 3. Fresh mass† of plant tissues harvested from a floating wetland treatment
system over four months from May 2010 through August 2010 (n = 6 for each species,
each month).
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Figure 4. Nitrogen (NH3 + NO2 + NO3 –N) and phosphorus (inorganic and organic-P)
influent and effluent concentrations detected from samples collected at a floating
wetland treatment system over four months from May 2010 through August 2010.
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Significance to Industry: Subirrigation can be used to reduce water loss and nutrient
leaching in nurseries and greenhouses, because it is a closed system in which the
nutrient solution is recirculated. However, the irrigation normally is controlled by timers,
without monitoring and controlling substrate moisture content. Thus, irrigation is not
based on the actual plant water requirements or the substrate water content required for
optimal plant growth. Alternatively, capacitance sensors can be used to monitor
substrate water content and to control irrigation, thus applying water as needed and
optimizing plant production in subirrigation systems. Our results show that sensorcontrolled subirrigation is indeed feasible. We subirrigated hibiscus ‘Panama Red’ when
the substrate water content dropped below 0.10, 0.18, 0.26, 0.34 or 0.42 m3·m-3. Lower
thresholds for irrigation resulted in less frequent irrigation and reduced both plant height
and shoot dry weight. This indicates that soil moisture sensors cannot only be used to
control irrigation, but to manipulate plant growth as well.
Nature of Work: Nurseries and greenhouses normally use overhead and drip irrigation
systems to apply water. These irrigation methods tend to be excessive and have low
application efficiency, causing water losses, as well as nutrient and pesticide leaching
into the soil, with a high potential for groundwater and/or surface water pollution (1). As
the population increases, the demand for water is increasing and water is becoming
scarce, including in the Southeastern United States. Reducing water use and runoff is
needed to address these challenges. Water-saving irrigation technologies are important
to assure that irrigation water is used efficiently.
Subirrigation may be one way to reduce water use and fertilizer runoff from nurseries
and greenhouses. Using a closed system, consisting of ebb-and-flow benches or flood
floors, a nutrient solution reservoir, and pumps, water is applied directly to the bottom of
pots, where capillary rise allows water and nutrients to move upward in the growing
medium. When the irrigation is complete, unused water drains back to the reservoir for
later recirculation through the system.
Subirrigation has several benefits compared to other irrigation systems used in
nurseries and greenhouses: increased production per unit area, better plant uniformity,
reduction in growth period, elimination of water loss and nutrient leaching into the soil
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(1), possibility of application of pesticides and plant growth stimulators, reduction in the
amount of water applied (2), reduction in labor costs, and the possibility of automation
(3). On the other hand, subirrigation can have drawbacks such as: a high concentration
of salts in the upper layers of the substrate, high cost for initial deployment and
maintenance, and increased risk of spread of pathogens.
Control of irrigation in subirrigation systems is commonly achieved using timers. Thus,
irrigation is not based on the actual plant water requirement or the minimum substrate
water content required for optimal plant growth. Subirrigation systems can be
automated using soil moisture sensors to monitor substrate volumetric water content
(VWC), and irrigation can then be controlled based on actual substrate VWC
measurements (4).
The objective of this work was to automate a subirrigation system using soil moisture
sensors to monitor and control substrate VWC and to quantify the effect of substrate
VWC on the growth of hibiscus plants.
Ten 3’ × 5’ ebb-and-flow benches (MidWest GroMaster, St. Charles, IL) were used.
Irrigation was automated using 3 dielectric soil moisture sensors (EC-5; Decagon,
Pullman, WA) per bench, inserted into pots diagonally. The sensors were connected to
a multiplexer (AM416; Campbell Sci., Logan, UT, USA), which was connected to a
datalogger (CR10; Campbell Sci., Logan, UT). Every 30 minutes, the datalogger
measured all sensors and averaged the readings of the three sensors on the same
bench. This average substrate VWC was compared to a bench-specific VWC threshold
(0.10, 0.18, 0.26, 0.34 or 0.42 m3·m-3) and the bench was flooded for about 3 minutes if
the measured VWC was below the threshold. Complete drainage back into the reservoir
occurred 3 minutes after flooding, resulting in a 6 minute period that the benches were
flooded. The datalogger controlled the irrigation pumps using a relay driver (SDMCD16AC; Campbell Sci., Logan, UT).
Rooted hibiscus (Hibiscus acetosella ’Panama Red’) cuttings were transplanted into 6”,
round pots filled with a peat-perlite substrate (Fafard 1P Mix; Fafard, Agawam, MA) on
September 13, 2010. The hibiscus were hand-watered with nutrient solution until the
beginning of the experiment on September 16. At that time, the automated irrigation
was started and plants were irrigated with a 100 ppm N water-soluble fertilizer solution
(20-10-20 Peat-Lite Special, Scotts Co., Marysville, OH), with an EC of 0.59 mS/cm.
Shoot height and dry weight were measured at the end of experiment.
The experimental design was completely randomized, with five treatments (VWC
thresholds) and two replications. An experimental unit consisted of one bench with 28
plants. Statistical analyses were performed using regression analysis.
Results and Discussion: The automation of the subirrigation system worked well. The
substrate gradually dried out until the threshold for a specific treatment was reached, at
which time that bench was irrigated (Fig. 1). Each subirrigation resulted in a rapid
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increase in substrate water content. The number of irrigations depended on the VWC
threshold, ranging from 5 to 27 irrigation events at VWC thresholds from 0.10 to 0.42
m3·m-3. The increase in VWC following a subirrigation was much greater in treatments
with a low VWC threshold: irrigation increased the VWC by approximately 0.20 m3·m-3
(from 0.10 to 0.30 m3·m-3) with the 0.10 m3·m-3 irrigation threshold versus 0.05 m3·m-3
(from 0.42 to 0.47 m3·m-3) with the 0.42 m3·m-3 irrigation threshold. Even immediately
after irrigation, substrate VWC was much lower in treatments with a low VWC threshold
than in those with a high threshold (Fig. 1), indicating that the substrate did not reach
container capacity following irrigation. Longer periods of flooding the ebb-and-flow
benches during irrigations likely would result in higher VWC following irrigation.
For a more detailed look at the dynamics of substrate water content, 10 days of data
from the 0.10 m3·m-3 treatment are shown in Fig. 2. This figure shows both the
measured VWC over time, as well as the change in VWC from one measurement to the
next. This change in VWC is an indicator of the evapotranspiration rate (water use by
the plant plus water evaporating from the substrate). There is a clear diurnal pattern in
evapotranspiration, with the highest rate occurring during the middle of the day, and
little to no evapotranspiration at night. Evapotranspiration rates were low on day 11,
which was caused by overcast conditions. Evapotranspiration remained high, even as
the VWC approached 0.10 m3·m-3, suggesting that such low VWC did not greatly affect
plant water use. However, these data need to be interpreted with care, since an
increase in plant size during this same 10 day period makes day to day comparisons
difficult.
Shoot height and dry weight after 29 days increased significantly with increasing
irrigation thresholds (P < 0.003, Fig. 3). Compared to plants grown at a VWC threshold
of 0.42 m3·m-3, plants grown with a threshold of 0.10 m3·m-3 had 62% lower shoot dry
weight and were 40% shorter. The strong effect of VWC threshold on plant growth will
allow growers to manipulate growth by adjusting the VWC threshold for irrigation. The
ability to control plant growth is not present in conventional subirrigation systems that
are irrigated using timers. Soil moisture sensors can therefore provide a valuable tool
for growers who want to get better control of plant growth and quality.
Our results suggest that soil moisture sensors can be used to both monitor and control
substrate VWC, and thus allow for better control of irrigation in subirrigation systems.
Specifically, sensors can be used to irrigate based on plant water use, rather than on a
rigid schedule. Control of substrate water content will allow growers to have better
control of plant growth and may thus be used to improve plant quality.
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