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The irrigation controllers were set to come on when the substrate water content dropped 
below approximately 0.20 m3·m-3.  To prevent irrigation at night and keeping the foliage 
wet, the Moisture Clik controllers were connected to a timer to power the controllers 
from 8 am to 5 pm.  Irrigation in the other three bays was controlled by nursery 
personnel, according to their regular irrigation practices.  Each bay was equipped with a 
water meter, and irrigation volumes were recorded with dataloggers.  Two soil moisture 
probes (EC-5, Decagon, Pullman, WA) were installed in each plot and connected to 
dataloggers (EM50, Decagon) to monitor the substrate water content.  Substrate 
solution EC was measured with a SigmaProbe (Delta T devices, UK) on June 13.  Other 
than irrigation, plants were produced using the standard cultural practices of the 
nursery. 
 
Results and Discussion: Water savings from soil moisture sensor-controlled irrigation 
became apparent quickly (Fig. 1, top).  During the first 10 days of the experiment, 
control plants received approximately 6200 gallons/bay, while plants irrigated using the 
Moisture Clik controllers received less than half of that amount.  The Moisture Clik 
controllers also proved to be the more reliable system, since control plants did not get 
irrigated on May 17 and 18 (a weekend), during which the substrate water content in 
control plots dropped to as low as 0.05 m3·m-3 (Fig. 2).  A more detailed look at the 
irrigation data shows that control plants were watered using a timer.  On May 14, 
irrigation in the control plots came on for 20 minutes every hour from 8 am to 12 pm.  
Control plots received approximately 1200 gallons during this period, while Moisture 
Clik-controlled plots received less than 200 gallons during this same period.  
Differences in water use between the two treatments became larger during the summer, 
as the frequency of irrigation in the control plots was increased.  Over the course of the 
experiment (May 6 – July 23), control plots received 133,500 gallons of water compared 
to 23,270 gallons in Moisture Clik-controlled plots, a savings of 83%.  Overall, substrate 
water content in Moisture Clik-controlled plots was more stable than that in control plots 
(Fig. 2).  Moisture Clik controllers not only reduced water use, but also reduced 
leaching.  Substrate solution EC on June 13 was 0.94 mS/cm in control plots as 
compared to 1.51 mS/cm in Moisture Clik-controlled plots, indicating that more fertilizer 
had been leached out of control pots.  Overall, these findings are similar to those of 
Ristvey et al (2004), who showed that using TDR probes for irrigation control resulted in 
water savings of 60-85% (with similar reductions in leaching of N and P) compared to 
cyclic irrigation. 
 
Shoots of 16 plants per plot were harvested at the end of the experiment, and no 
differences in shoot dry weight or marketability were observed.  However, these data 
may not be completely reliable, since all plants were pruned in early July, which may 
have masked differences in growth that could have occurred before then.  An 
unexpected side effect of the Moisture Clik controllers was a drastic increase in weed 
pressure.  We suspect that the excessive irrigation in control plots may have resulted in 
a water-logged soil and low survival of weed seedlings.  Reducing the irrigation volume 
may have created more favorable conditions for weeds.  Overall, this study shows that 
soil moisture sensors can be used in commercial nurseries to control irrigation.  This 
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can result in major water savings, although the exact magnitude of savings is likely to 
differ among nurseries due to differences in irrigation practices and crops. Future 
research will also address whether soil moisture sensors can be used to impose a mild, 
controlled drought stress that might reduce stem elongation and decrease the need for 
plant growth retardants. 
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Figure 1.  Comparison of irrigation volume using standard nursery practices (control) 
and using a Moisture Clik irrigation controller.  The Moisture Clik applies water based on 
substrate water content.  The top figure shows water use during a 10-day period, while 
the bottom figure provides more detailed data for a single day. 
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Figure 2.  Substrate water content of hydrangeas irrigated using standard nursery 
practices (control) or irrigated using a Moisture Clik irrigation controller as measured 
with EC-5 soil moisture probes over a 2½ month period.  Note that the Moisture Clik 
results in much more stable water contents in the substrate. 
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Significance to Industry: Water is a limiting resource for nursery crop production.  An 
irrigation model that could be transferred across species would be readily adoptable by 
growers and, hence, would minimize excess water use, avoid nutrient leaching, and 
allow growers to better cope with drought.  The proposed irrigation model uses 
photosynthesis as a sensitive gauge of plant water use and is derived with a minimum 
of empirical data. This research suggests the model is transferrable to other woody 
species at least for certain photosynthetic targets, but further research is needed. 
 
Nature of Work: Numerous techniques can be used to model crop water use.  The 
Penman-Monteith equation, stem heat balance, gravimetric techniques, soil moisture 
sensors, leaf temperature, and modeling based on empirically-derived plant 
characteristics have all been used to determine water loss.  Unfortunately, irrigation 
technology based on crop models has not been adopted on a large scale by the nursery 
industry (Beeson et al., 2004).  The diversity of nursery crops and the need to develop 
individual crop coefficients has contributed to low adoption of existing technology.  
Previously, an irrigation model based on photosynthetic rates as an indicator of plant 
water status was developed using Hibsicus rosa-sinensis as the model crop, with the 
hypothesis that the model could be easily modified for use with other species (Fulcher 
et al., 2008).  Specifically, an irrigation model was based on the relationship between 
substrate moisture content and photosynthetic rate.  The relationship was a sigmoidal 
curve with a wide range of substrate moisture contents supporting maximum or near 
maximum photosynthetic rates (Figure 1).  A setpoint was established which reflected 
the substrate water content at which photosynthesis began to drop, which corresponded 
with a reduction in stomatal conductance.    
 
Dogwood is an ideal species to test to what extent a simple photosynthesis–based 
irrigation model is transferrable for several reasons.  Dogwood is a valuable nursery 
crop, increasing the relevancy of the research (USDA, 1997).  Dogwood hybrids and 
parents are available in the trade.  Using two species and their hybrid facilitates an 
assessment of how similarly or differently related plants use water, which serves as an 
indication of how transferrable the model is.  Based on the literature, sensitivity to water 
stress differs for dogwood taxa and thus water requirements and irrigation models may 
vary across taxa (Dirr, 1998).   
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The objectives of this research were 1) to determine the relationship between 
photosynthesis and substrate moisture content for two dogwood species (C. kousa  
’National’ and C. florida ‘Cherokee Princess’) and their hybrid (C. x Constellation®), and 
2) to determine if multiple setpoints are necessary for the three taxa as a gauge of 
model transferability. 
 
In February 2007, 30-36” bareroot liners of ‘National’, ‘Cherokee Princess’, and 
Constellation® were potted with a bark-based substrate into trade seven gallon 
containers and grown in a pot-in-pot system with cyclic irrigation.  Plants were fertilized 
with 90 grams per plant of 19-4-8, 5-6 month release complete fertilizer (Harrell’s, Inc. 
Sylacauga, AL) each April.  On August 19, 2008, ECHO-5 moisture probes (Decagon 
Devices, Pullman, WA) were installed vertically, midway between the sidewall of the 
container and the trunk, and so that the overmold was two inches below the surface of 
the substrate.  Plants were hand watered, drained to container capacity, and bagged 
and sealed around the trunk utilizing a previously tested technique that allowed minimal 
evaporative water lost and excluded irrigation and rainwater.  Substrate moisture 
content, stem water potential, and gas exchange were measured under initial, well-
watered conditions and daily while water was withheld, except for the second day of the 
experiment when data were collected twice.  Plants were watered after four days of 
withholding water, terminating the drought treatment.  Containers were weighed to 
determine the relationship between probe values for water content and actual substrate 
water content.  The experiment used a completely randomized design with seven 
treated and five control replicate plants per taxa.  Data were subjected to statistical 
analyses (SAS Institute, Inc., Cary, NC). 
 
Results and Discussion: There was a strong correlation between container weight and 
substrate moisture content (Substrate Moisture Content = 78.9175+ 16.7668*Container 
Weight), r2=0.85, (data not shown).  This indicates probe placement was satisfactory for 
representing total container moisture content.  The use of pot-in-pot eliminated the 
confounding factor of high root zone temperature, which often accompanies drought 
stress and container production.   
 
The relationship between container moisture content and photosynthetic rate for 
‘Cherokee Princess’, ‘National’ and Constellation® was characterized by a three 
parameter sigmoidal curve for each taxon although none were as distinct as that of 
Hibiscus ‘Cashmere Wind’ (Figure 1).    For ‘National’ there was a relatively steady 
decrease in photosynthesis as substrate moisture level decreased.  Constellation® had 
a relatively high photosynthetic rate at the onset of the experiment (Figure 1 and Table 
1) and was able to maintain a higher photosynthetic rate as the substrate dried.  The 
high initial photosynthetic rate corresponds with unpublished light curve data for 
Constellation®.  ‘Cherokee Princess’ had a relatively gradual decline in photosynthetic 
rate as substrate moisture decreased.  Constellation® and ‘Cherokee Princess’ were 
able to maintain high photosynthetic rates relative to their maximum early in the drought 
stress when compared with ‘National’.  When substrate moisture content decreased to 
approximately 82%, photosynthesis decreased by approximately half for all three 
dogwood taxa.  The relationship between photosynthesis and substrate moisture 
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content curves did not closely parallel the sigmoidal curve for hibiscus where 
photosynthesis was maintained at high levels over a range of moisture conditions.  
Hibiscus maintained maximum photosynthetic rates until substrate moisture content 
decreased to 65% of container capacity, dogwood photosynthetic rates began to decline 
at approximately 93% of container capacity.   
 
In order to determine if one setpoint could maintain a common substrate moisture level 
that maximized photosynthesis for the three taxa, the predicted photosynthetic rate 
(80% of maximum) and the corresponding substrate moisture levels were calculated for 
each replicate taxa.  There was no significant difference in substrate moisture levels.  A 
substrate moisture content of on average 86% container capacity maintained 
photosynthetic rates at 80% of maximum for all three taxa (Table 2).  This suggests that 
one irrigation setpoint is sufficient for all three taxa.  However, further calculations will 
need to be made to determine if this is true at all moisture levels. 
 
The relatively rapid decline in photosynthetic rates for all three taxa was contrary to 
previous experiments conducted in a controlled environment with C. kousa and C. 
florida.  In these experiments the relationship between substrate moisture content and 
photosynthetic rate exhibited a similar curve as seen in hibiscus, with a wide range of 
substrate moisture contents supporting maximum or near maximum photosynthetic 
rates (data not shown).  Gas exchange and vapor pressure (VPD) data taken during 
both sets of experiments suggest that the extremely high VPD during the outdoor 
experiment caused a substantial decrease in stomatal conductance, reducing not only 
photosynthesis but also transpiration.  These putative environmental impacts on 
photosynthesis present a challenge to transferability of the photosynthesis-based 
irrigation model from controlled environment to outdoor settings and perhaps across 
climatic regions. 
 
A photosynthesis-based irrigation model was developed and evaluated for container-
grown dogwood taxa.  At least on a limited basis, the photosynthesis-based model is 
transferrable to these dogwood taxa.  Further research is necessary to determine to what 
extent the model is transferrable to these dogwood taxa and to other woody plants. 
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Figure 1. Relationship between container moisture content and photosynthetic rate in 
container-grown Hibiscus.  Line is predicted from 136 photosynthetic measurements 
taken over a range of container water contents.    
Photosynthesis=14.6844/(1+exp(-(millivolts-361.9237)/15.4806)). 
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Figure 2. Relationship between photosynthetic rate and substrate moisture content for 
two dogwood species and their hybrid.  Each species was fit with a sigmoidal three 
parameter equation. 
 

C. kousa 'National' (red), r2= 0.74  
C. florida 'Cherokee Princess' (blue), r2= 0.70  

C. x Constellation® (orange), r2 = 0.74 
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Table 1. Development of a photosynthesis-based irrigation model for three dogwood taxa. 
 
Treatment   Predicted 

Maximum 
Photosyntheti

c Rate 
(µmol CO2 m-

2·s-1) 

 Substrate 
Moisture 

Content at 
Predicted 
Maximum 

Photosynthetic 
Rate 
(mV) 

 80% Predicted 
Maximum 

Photosynthetic 
Rate 

(µmol CO2 m-

2·s-1) 

 Setpoint 
80% Predicted 

Maximum 
Photosynthetic 

Rate 
(mV) 

CherokeePrincess   9.4   550   7.5   477az  

Constellation   13.1   548   10.5   469a  

National   10.9   550   8.7   487a  

ANOVA P value         0.6285  
zMeans followed by the same letter were not significantly different (Tukey’s HSD alpha = 0.05).  
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Significance to the Industry: Concerns over drought and water availability from 
groundwater or surface reservoirs, water quality, nutrient and chemical runoff, capture 
and recycling issues and various local, state and federal regulations all are focusing us 
in one way or another on the quantity and quality of water that will be available for 
ornamental plant production in the future.   Almost all growers have some issues with 
water management, but oftentimes the most basic question is – do I need to irrigate 
today?  While this question could seem trivial, plant water requirements vary by species, 
season and microclimate, and depend upon any number of environmental and plant 
developmental factors that need to be integrated on a day-to-day basis.  Effective daily 
irrigation decisions take time and the irrigation manager often faces complex decisions 
about scheduling that require the integration of knowledge at many levels.  Irrigation 
management is therefore one of the most complicated tasks in a nursery operation, 
particularly when water is limiting.  Ideally, this should be combined with real-time 
sensing of nutrient concentrations in the root zone, by measuring electrical conductivity 
(EC).  Our goal is to enable the automation of this task by using wide area networks of 
soil moisture and EC sensors. 
 
Nature of Work:  Background: There are many technologies that over the years have 
been touted to aid the irrigation decision process. Various soil moisture measurement 
devices from tensiometers, gypsum blocks, meters that directly sense soil moisture and 
weather station / satellite forecast data that integrate information with evapotranspiration 
models are all available, and yet the widespread adoption of any technology has not 
occurred, for good reasons.  Firstly, many sensing technologies which were originally 
engineered for soil-based measurements have been applied to soilless substrates. They 
have failed, largely because these sensors did not perform well in highly porous 
substrates, as aeration is a physical property that is required for good root growth in 
container culture. Even when a technology was adapted successfully to container 
culture (e.g. low-tension tensiometers), the technology has often been too expensive for 
wide-scale adoption or there have been issues with precision, maintenance and 
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automation of the technology. Cost and ease of use are key aspects to adoption and 
use of any tool. Secondly, macro-scale weather or ET Pan factors are too gross a 
measure for accurate irrigation schedules at the micro-scale in nurseries, and Kc values 
for ornamental species are non-existent or imprecise.  Most importantly, the technology 
has often not achieved any real economic benefit for the grower, in terms of water 
savings or improved plant growth.  Very often the technology merely adds another 
‘management layer’ that requires added expertise to interpret and use the data to make 
a decision. We therefore need to bear these considerations in mind when we develop 
any system that aims to “improve” upon current irrigation management techniques. 
 
Deployed Sensor Networks:   Our group has previously reported on the calibration of 
sensors for soilless substrates (1, 2, 3) as well as the development and deployment of 
specific wireless networks (5, 6, 7).  In this paper, we report on the deployment and 
performance of two wireless sensor networks, the current challenges and benefits 
associated with each network and our future research directions.  Briefly, we are 
comparing the use and operation of two sensor networks in three different production 
environments.  One network (Fig. 1) is commercially available from Decagon Devices, 
Inc. (Pullman, WA); the other (Fig. 2) is a non-commercial research network developed 
by the Carnegie Mellon Robotics Institute (Pittsburg, PA).  Each sensor network 
consists of a system of radio-powered “nodes” that are deployed in a plant production 
area, to which a number of environmental sensors are connected.  Any combination of 
soil moisture and electrical conductivity sensors, soil and air temperature, relative 
humidity, tipping rain gauge and light (photosynthetically-active radiation) sensors can 
be connected to the radio nodes, according to the specific sensing requirements of the 
grower.  The nodes log data on a per minute basis, and log the average data every 15 
minutes, to conserve battery life and memory.   The accumulated data is then 
transmitted at 900 MHz or 2.4 GHz using a battery operated radio card to a ‘base radio 
station’ whenever it is required.   The base station is connected to a computer, which 
uses custom software to plot and display the information from each of the nodes.  With 
the CMU network, this information is relayed over the internet (Fig. 3) to provide the 
information to anyone, in any place and at any time.   In this way, a grower can develop 
a network of sensors that allows for the monitoring of environmental data in the nursery, 
in real time.  The advantages of these networks are obvious – they provide information 
at the “micro-scale” which can be expanded to any resolution for a specific operation, 
for specific needs.   
 
Both networks have good basic sensor network capabilities, but the CMU system has a 
few distinct advantages.  Firstly, the CMU nodes have a “mesh networking” capability 
(i.e. the nodes communicate with each other, which has advantages for large-scale 
deployment or in hilly terrain). Secondly, the CMU node has a local control capability, 
which means that the software in an individual node can average data from a number of 
moisture sensors, which is then used to actuate a solenoid for automated irrigation 
scheduling in blocks, independent of the main (central) computer system. Thirdly, the 
CMU node can accept 10 sensor inputs (compared to only five with the Decagon 
Devices node), which further maximize data transmission cost and the cost-
effectiveness of any individual node in the field.   
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On the other hand, the Decagon Devices EM50R node (Fig. 1) is extremely robust and 
well-engineered, has a more powerful radio card (necessary for connecting over large 
distances to the ‘base’ radio station) relative to the present CMU system, and has 
excellent power conservation capabilities (more than 9 months on 5 ‘AA’ batteries) 
when data are collected every 15 minutes from the attached sensors.  The Decagon 
Devices network has performed very well on a tree farm during 2008, with data 
gathered from a variety of sensors in the field, including the EC-5 and 10-HS soil 
moisture sensors.  The sensors and nodes have had very few issues either in 
deployment or operation. Custom soil calibrations did provide more precise data than 
the factory set calibrations, as would be expected. The EchoTrac™ graphic user 
interface software (Fig. 4), which graphs the data from each individual node is simple 
and easy to use, and has provided the grower with information that has only been 
available from much more expensive research sensor systems, until now.  We 
monitored irrigation practices and environmental conditions from two blocks of indicator 
trees during 2008, to establish baseline irrigation management data. 
 
We are using a CMU sensor network  in a container-production research site at the Wye 
Research and Education Center near Queenstown, MD (Fig. 2) to automatically monitor 
and control irrigation events in small (2 gallon) containers.  This is possible using 
custom calibration data for the pine bark substrate, based on the matric potential (plant-
available water content) of the substrate.  Irrigation set points are at a matric potential of 
approximately -10kPa (ON) and -2kPa (OFF) to minimize leaching events.  A micro-
pulse routine was written into the sensor node software, to irrigate in 1 second pulses.  
Using this technique, enough time (a few seconds) elapses between micro-pulses for 
the sensors to then measure the new substrate matric potential, before additional micro-
pulses are applied.  In this way, leaching volumes can be precisely controlled to 
minimize nutrient leaching.  We are currently quantifying water applications and nutrient 
runoff with current best management practices (cyclic time irrigation events) compared 
to sensor-controlled irrigation method in a replicated experiment using four plant 
species.  We have also deployed the CMU sensor network in a greenhouse operation 
during 2008. This greenhouse is a closed-system hydroponic (perlite) system that grows 
Antirrhinum (snapdragon) species year round.  All water and nutrients are continuously 
recycled.  The primary production objectives are to automatically schedule water (based 
upon matric potential) and nutrient solution (based on substrate EC) applications up to 
20 times per day, ultimately to increase the percentage of #1 cut flower stems during 
the summer months. This will require the same network capabilities as we are currently 
testing in container culture, but in a more demanding environment with rapid temporal 
changes. 
 
To date, we have shown that the measurement of soil or substrate moisture can provide 
precise information to schedule irrigation events in both soil and soilless substrates.  
Both sensor networks perform well in production environments, although some 
networking challenges remain with remote sites (line of site transmissions greater than 
1 mile), as could be expected in large operations.  A higher power radio card in the 
CMU nodes is being tested to overcome this limitation, which would slightly increase the 
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cost of this node.  However, the cost per node for the CMU network should still be 
considerably below the current cost of the Decagon EM50R.  In our estimation the cost  
structure of the sensors is less of a factor compared to the cost of the nodes.  The 
solenoid actuation capability of the CMU node is a vital control function which many 
nursery growers agree is necessary for maximum utility and labor savings.   
 
Future Directions: There are many areas where we need additional research and 
development to provide the maximum cost benefit of these networks for growers.  We 
need a more robust database management system that would provide the backbone to 
the graphic user interface, able to handle networks of more than 10 nodes (50-100 
sensors).  This database must be able to manage rapid computations and statistical 
analysis, for example, similar to GPS and business systems that are used to track 
packages in real time.  These systems also need to be web-enabled, so that employees 
can access sensor data with hand-held devices in the field, using the same wireless 
networks that transmit the data to the office computer (server).  Most importantly, we 
need to connect our capability for precision water applications with a knowledge of real-
time plant water use.  We need to improve our ability to predict plant water use in real-
time using various technologies.  We think that modeling plant water use for indicator 
species (4, 8) is essential to providing a prediction capability for large-scale 
implementation of sensor-derived data from indicator species.  In conclusion, we are 
making some rapid progress in our ability to accurately monitor and control irrigation 
scheduling in nursery and greenhouse environments.     
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Fig. 1.  A Decagon Devices EM50R node connected to a tipping rain gauge, light (PAR) 
sensor and three soil moisture sensors (not visible) in the field. 
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Fig. 2.  The Carnegie Mellon University (CMU) network at the Wye Research and 
Education Center, near Queenstown, MD, showing sensor nodes (at left and centre), 
communication node and antenna (at right). 
 
 

 
 

Fig. 3.  A schematic of the CMU sensor network, which utilizes the internet for real-time 
monitoring and control of irrigation scheduling.  
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Fig. 4.  A computer screenshot of the Decagon Devices, Inc. EchoTrac™ software, 
showing soil moisture data from EC-5 sensors at 6”(black), 12” (green) and 18” (purple) 
with rainfall and irrigation amounts from a sensor node in an Acer rubrum block in 
September, 2008.  
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Significance to Industry: We have established a USDA multistate development 
committee (NCDC216) to create a project focused on water management and quality for 
ornamental crop production and health. Irrigation is essential or beneficial for production 
of ornamental plants. The quantity and quality of water available for irrigation has major 
consequences on the productivity and profitability of this important sector of agriculture. 
The record 2006-2008 drought in the eastern US has had a severe negative impact on 
the nursery industry in that region. The Great Lakes region is implementing water use 
policies in order to comply with the recently ratified Great Lakes-St. Lawrence River 
Basin Water Resource Compact. Drought and water conservation are not new issues to 
the western states where availability has long been a limitation but demographic 
changes are increasing competition between users. The quality of water leaving 
agricultural facilities is an issue of increasing public concern. Demand from industry, 
homeowners and agriculture is increasing in almost all areas of the US. Water is no 
longer an issue restricted to certain areas of the country with insufficient water quantity 
and/or quality but is a national and global issue. Increased regulation and competition 
for water resources, therefore, calls for improved water management techniques with 
respect to application and runoff water quantity and quality in all regions. This national 
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effort to address water resource challenges will ensure a more efficient and coordinated 
utilization of assets to provide research and extension programs to address this critical 
issue.  
 
Background: The nursery/greenhouse industry ranks 5th (>$14.6 billion) in US 
agriculture commodities and is in the top 5 commodities for 26 states (USDA, 2004). 
Water issues, specifically irrigation scheduling, surface and groundwater water 
management, and water quality are quickly becoming topics of major concern to the 
ornamental plant industry even in what are thought of as water-rich states. Drought, 
urban competition for surface and groundwater water reserves, salinity and runoff water 
quality, and increasing legislation at state and county levels are all increasing the need 
for ornamental crop producers to manage water more effectively. Legislation regarding 
water use and/or quality has been implemented in California, Delaware, Florida, 
Maryland, Michigan, North Carolina, Oregon, and Texas. 
 
Most field (in soil) producers of ornamental stock use irrigation water at some point 
during production because the cost-benefit ratio of maximizing plant growth is apparent.  
Many field producers use low-volume (drip) irrigation, and many also use this system to 
deliver soluble fertilizers during the growing season. While supplemental irrigation is 
beneficial in field production it is essential for container production of ornamental plants. 
Container substrates need to be well drained and container volume limits the amount of 
water that can be stored. This results in frequent irrigation applications and large 
amounts of water used. In a recent survey, over 75% of nursery crops in 17 states (AL, 
CA, CT, FL, GA, IL, MI, NJ, NY, NC, OH, OR, PA, TN, TX, VA, WA) were grown in 
containers and require irrigation, often daily (USDA, 2007). In Florida, container 
nurseries annually apply 56 to 120 inches per acre per year in addition to the 40 to 60 
inches of average annual rainfall.  Container nurseries in Alabama were estimated to 
have used 9.8 to 13 billion gallons of water in 1985 (Fare et al., 1992) and container 
nursery production in Alabama has almost tripled since 1987 (USDA, 1992, 2002).  
 
Frequent irrigation in combination with high fertilizer and pesticide use can lead to 
significant losses of agricultural chemicals in runoff water that transports agricultural 
chemicals to containment structures and/or off-site into groundwater or surface water 
(Briggs et al., 1998, 2002; Cabrera, 2005; Camper et al., 1994). Irrigation water 
management is the key to nutrient management in ornamental crop production and 
reducing the impact of runoff water on local water resources (Tyler et al, 1996; Lea-Cox 
et al, 2001; Ross et al, 2001; Ullah and Zinati, 2006). Increasing anion and cation 
exchange capacity, for example through the use of aluminium or various clay materials 
can help to reduce leaching of nutrients from soilless substrates (Owen et al, 2008; 
Williams and Nelson, 1996). Recycling of water includes another set of issues for 
growers, primarily in the form of disease (Hong and Moorman, 2005) and salinity 
management.  Emerging constraints on water use and quality means that the 
ornamental industry needs to find ways to manage water without detracting from 
production schedules and crop quality.  Therefore, we need to tackle the issue of water 
management through a multi-disciplinary approach on a national level, because few 
states have the personnel to individually integrate all these issues. 
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Nature of Work: The goals of this national group are to provide a forum for 
representatives from all land-grant and other institutions to develop multidisciplinary 
approaches to 1) improve water use efficiency and crop productivity in the industry while 
minimizing the risk of nutrient- and chemical-rich irrigation runoff water releasing into 
natural waterways, 2) de-couple crop health risk with recycling irrigation to promote 
water resource conservation and protection through understanding aquatic ecology and 
water treatment innovation, 3) investigate alternative water sources such as treated 
municipal waste water, and 4) to develop soilless substrates with better physical and 
chemical characteristics to improve water and nutrient availability while reducing 
leaching of fertilizers. Several active research programs around the US are currently 
investigating ways to improve water management and quality for greenhouse and 
nursery production to achieve these objectives.  This multi-state effort will allow for 
better coordination of research and extension efforts to more efficiently address these 
multidisciplinary issues. Projects can be replicated at different participant sites when 
necessary and, conversely avoid unnecessary duplication of effort. Data can be shared 
among participants to help test and refine models. Interaction among a national group of 
researchers and stakeholder groups will also provide a forum to discuss and determine 
future research needs and priorities. A strong extension and outreach component will be 
built into the project to insure the transfer of information to stakeholders. 
 
Summary and Discussion: The intent of this project is to bring together a 
multidisciplinary team to include colleagues in horticulture, plant pathology, entomology, 
weed management, engineering and other fields interested in addressing water use 
issues. The primary subject areas the group intends to focus on are 1) irrigation 
management during production including irrigation systems, scheduling, and cultural 
practices to increase efficiency;  2) source water quality, including current and alternate 
sources and their natural and introduced biotic and abiotic contaminants, how they 
affect intended uses, and water treatment to improve quality;  3) runoff water 
management and quality, including production effects on water quality, effects on the 
surrounding environment, effects on reapplication to a crop, runoff water treatment, and 
modeling;  and 4) pest/crop health management, including the impact of recycled or 
reused water on plant production and worker safety and pest movement and control in 
recycled, reused and runoff water. 
 
Expected Impacts: Improving water management and quality for ornamental plant 
production and health in the United States will have several important impacts: 1) 
reduction in total water use through more efficient practices; 2) improved technology for 
irrigation scheduling; 3) improved crop production through increased water and nutrient 
use efficiency, 4) reduced runoff and potential off-site pollution from fertilizers and other 
agricultural chemicals and 5) enhanced crop health and consumer confidence stemming 
from more sustainable practices. 
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Significance to Industry: The green industry is often perceived as a waste contributor 
rather than as an industry that is capable of providing “green” solutions for 
environmental problems.  It is critical to promote the “real green industry” by focusing on 
sustainable production practices.  Included in this mix is the promotion and 
implementation of various remediation approaches for removal of agrichemical 
contaminants from water for both onsite reuse and offsite release.  This research 
presents an effective method for cleansing low-level nutrient contaminants from runoff in 
agricultural ditches, channels, and retention ponds.  Floating mat technology is easy to 
implement, adaptable to a wide variety of plant species, and has broad application 
potential in a variety of settings not limited to the green industry alone, but also to 
homeowners and municipalities. 
 
Nature of Work: Constructed wetlands, both surface and subsurface flow, are often 
used to remediate nutrient-rich waters (1-4), but the large land area required for 
installation sometimes limits their applicability.  Floating mat treatment systems (FMS) 
are potential alternatives to constructed wetland systems and could be established in 
drainage ditches or retention ponds.  Once established, FMS provide nutrient-
processing functions similar to wetlands.  The large root surface area in the water 
column provides habitat for microbes, matrices for direct filtration, and plant nutrient 
uptake.  An additional benefit is easier harvest of shoot and root biomass for additional 
nutrient removal.  Ease of harvest in not typically considered when constructed 
wetlands are designed; rather, they are designed for specific remediation functions.  
Floating mat systems could be adapted to many such functions while facilitating quick 
installation, rapid establishment, and simpler harvest.  Any nutrients fixed in plant roots 
or shoots are easily removed from the aquatic system as plants are harvested.  This 
harvested tissue may then be used as a media amendment or nutrient source if properly 
composted. 
 
The goal of this research was to assess the potential of FMS for remediating 
agrichemicals in runoff prior to entry into water bodies.  The experiment was divided into 
two treatment classes, the first consisted of small-scale (one 88 ft3 and two 51 ft3 units) 
channels, and the second consisted of large-scale (one 500 ft3 and one 918 ft3) ponds 
(Figure 1).  Plants from each species examined were seated in floating mats and placed 
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in the flow-through channels and ponds on April 14, 2008.  Fertilizer treatments started 
May 2, 2008.  The vegetated channels were established with Canna flaccida and 
Juncus effusus.  Canna flaccida, J. effusus, Eleocharis montana, and Agrostis sp. were 
established in floating mats in the pond treatments.  Each of the ponds and vegetated 
channels was sampled weekly, beginning 3 days after initiation of fertilizer addition.  
One water sample was collected on each sampling date. 
 
Water samples were analyzed for 1) anions (Cl, NO2, NO3, PO4, and SO4) 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 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).  Final water samples and harvest of selected 
plant tissues occurred September 18, 2008.  Roots and shoots of each species were 
dried at 80 ºC, weighed, and 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 effluent nutrient 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: The FMS reduced both nitrogen and phosphorus effluent 
concentrations (Figure 2).  Nitrogen removal was consistent in both the pond and 
vegetated channel treatments (Figure 2A).  Average nitrogen removal efficiency in a 
variety of constructed wetland systems ranged from 0 to 84.2%, with average influent 
concentrations ranging from 0.7 to 55.0 mg/L NO3-N (4).  Nitrogen loading rates for this 
experiment were at the very low end of that range (0.73 ± 0.17 mg/L N), and average 
nitrogen removal (82.2%, 0.13 ± 0.03 mg/L N) was similar to the most efficient 
constructed wetland systems examined by Vymazal (4).  
 
Phosphorus removal was also consistent over the five months of sampling (Figure 2A).  
Effluent concentrations averaged 0.03 ± 0.01 mg/L total P for both the pond and 
vegetated channel treatments.  Phosphorus concentrations entering constructed 
wetland treatment systems ranged from 0.7 to 10.5 mg/L PO4-P and PT (2, 4), with 
average effluent concentrations ranging from 0.02 to 5.15 mg/L PO4-P and PT.  
Previous research in our lab has indicated that constructed wetland systems are not 
effective at remediating phosphorus when inflow concentrations are below 1 mg/L (6).  
Loading concentrations of PT in the pond and vegetated channel treatments averaged 
0.08 ± 0.02, and effluent concentrations were consistently reduced by ~ 67% to 0.02 ± 
0.003 mg/L PT (Figure 2B).  Other researchers have found much greater variability in 
phosphorus remediation, both with effluent concentrations achieved and seasonality (2,  
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4, 7).  These results indicate that FMS may have great potential when used to “polish” 
nutrient-rich water.  Further work with FMS may reinforce their usefulness in these low 
nutrient environments where desired effluent P concentrations are < 50 ppb.  The FMS 
were easy to install, maintain, and harvest, and they may prove to be an economically 
feasible treatment technology for polishing water quality to very low P effluent 
concentrations. 
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Figure 1. Floating mat treatment systems tested in both small-scale (A) vegetated 
trough systems and (B) large-scale pond treatment systems. 
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Figure 2. Influent and effluent nitrogen (A, NO2 + NO3) and phosphorus (B, PT) 
concentration changes over five months, as influenced by floating mat treatment in 
small-scale vegetated troughsa and large-scale pondsb. 
 
a Effluent values are the average of 3 replicates ± standard error of the mean. 
b Effluent values are the average of 2 replicates ± standard error of the mean. 
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Significance to Industry: The protection of surface water (rivers, creeks, streams and 
lakes) from agricultural pollutants continues to pose a major challenge to growers and 
researchers. Since agricultural production contributes to non-point source pollution, 
many states are concerned about the impact of non-point source pollution on the quality 
of surface water in their watershed(s). The majority of ornamental plants in Tennessee 
are in-field grown; thus plowing, liming and fertilization of nursery fields can result in the 
runoff of tons of soil and essential crop nutrients on a watershed scale. Phosphorus (P) 
and nitrogen (N) are essential nutrients for crop production. However, they are also the 
primary factors that enhance eutrophication (1, 5). The US-EPA identified eutrophication 
as the most widespread water quality impairment in the United States; and agriculture 
as a major source of nutrient loading to surface water. In middle Tennessee, especially 
in Warren, Dekalb and Grundy counties, large concentrations of nursery crop production 
operations exist and the Collins River watershed spans these counties. Therefore, the 
potential for nutrient loading by overland and subsurface flow to creeks and streams 
exist. There is a dearth of research on the impact of nursery crop production systems on 
surface water quality. Subsequently, growers are not aware of the impact of their 
fertilizer and lime management on surface water; especially when many of the nursery 
fields lack nutrient management plans. Improved nutrient management strategies for 
individual nursery fields could be an effective component of improved watershed 
nutrient management that enhances water quality and Total Maximum Daily Loads 
(TMDL) goals. 
 
Nature of Work: Two creeks, Hills Creek and Mountain Creek in Warren County 
Tennessee, were sampled in the fall of 2008. The creeks are tributaries of the Collins 
River. Land use in the study area is predominantly agricultural, being comprised of 
nursery crops primarily.  Rainfall supplies nearly all the nursery crops water demand in 
this region. Grab water samples were collected with weighted bailers from 
corresponding bridges weekly for eight weeks. The water samples were collected 
mostly during base flow and in few instances after rainstorm events at three different 
locations (up stream, middle stream and down stream) in the creeks. During each creek 
visit, water samples were collected in 500-ml LDPE (low density polyethylene) sample 
containers, placed in a cooler with ice and then transported to the lab for analysis. The 
water samples were analyzed for nitrate-N, ammonium-N and Ortho-P; as well as the 



SNA Research Conference Vol. 54 2009 

 

Water Management Section 
 

45

following cations: sodium, potassium, magnesium and calcium. Standard methods for 
water sample analyses were used to analyze all the nutrients of interest (2). In order to 
determine other water quality parameters of interest (dissolved oxygen, total dissolved 
solids, specific conductance, turbidity, temperature and pH), Eureka Manta™ 
DataSondes or data logger units (Eureka Corp Austin TX), interfaced with the applicable 
sensors were deployed in the creeks to at least a 45-cm depth and real-time water 
quality data of the above mentioned parameters was recorded in situ. The Manta (data 
loggers) were calibrated according to instrument specifications and programmed to 
record measurements every 10 minutes. Each Manta was dedicated to each creek but 
was cleaned before taken to subsequent site(s) for data logging. While sampling, 
observation of aquatic habitats and wildlife present in the creeks were also noted.  
 
Results and Discussion: The average concentrations of nutrients in the creeks are 
presented in (Table 1). Some of the cations determined are important because they are 
present in agricultural liming materials (i.e. calcium and magnesium) widely used by 
farmers. Both creeks have relatively low concentrations of the nutrients monitored 
except for calcium and magnesium. Considering the hydro-geologic conditions of Middle 
Tennessee, with abundance of limestone rocks that tend to weather into terrains 
referred to as karst, it is expected that calcium and magnesium will be relatively high. 
Nitrate concentration in Mountain Creek (0.02-1.3 ppm) and Hills Creek (0.04-0.3 ppm) 
is very low considering that some investigators (3, 4) have reported nitrate 
concentrations in nursery runoff water to range from 1.6 ppm to 304 ppm.  
 
Additionally, in determining surface water quality, certain aquatic habitats are indicative 
of polluted or non-polluted water. During the fall 2008 sampling, river otters, Lontra 
canadensis (Figure 1) were observed swimming in Mountain Creek, Warren County.  
River otters are usually found in non-polluted rivers, creeks and lakes 
(http://www.conservewildlife.org/animals/riverotter2.html). They breed in late fall or in 
early spring. Healthy populations of periwinkles, Littorina littorea, were also observed in 
the creek. The occurrence of periwinkles is not only a good water quality indicator but 
also a source of food for the otters.  Otter populations have been reduced in many 
areas of the United States due to human encroachment, overharvest and habitat 
destruction.  River otters are not a federally endangered species, although some states 
still consider them endangered and have restoration programs in place.  Tennessee has 
embarked on restoration projects which have been considered successful. The 
disappearance of river otters from some water bodies may be due to factors associated 
with increased acidity of the ground water (originating from previous mining operations) 
that recharges them.  Mountain Creek, where the river otters were spotted, had the 
following field-measured water quality parameters: pH = 7.5-7.8; turbidity = 0.8-32.4 
NTU; specific conductance 152-263 micro Siemens/centimeters; dissolved oxygen 3.1-
11.3 ppm and total dissolved solids = 98-200 grams/L. Conversely, in Hills creek, the pH 
ranged from 5.4-7.4; turbidity 0.75-29 NTU; specific conductance 417-1077 micro 
Siemens/centimeters; dissolved oxygen 5.8-11.1 ppm and total dissolved solids = 267-
690 grams/L. Certainly, Mountain Creek has better water quality characteristics than 
Hills Creek. Knowledge of data such as those discussed here are invaluable in 
establishing baselines by which we can measure the impact of nursery production 

http://www.conservewildlife.org/animals/riverotter2.html
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systems on local water quality.  More importantly, data such as these can signal times 
when alteration of practices are needed due to negative impacts on water quality. It is 
important that we know our creek(s) and that we all do our best to maintain the 
environmental integrity of such bodies of water. 
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Table 1. Average Nutrients Concentration of Creek Water Samples–(PPM) 
Mountain 
Creek Coordinates Na Mg K Ca NH4-N NO3-N Ortho-P 
Site 1 Lat. 35° 49’ 10.0” 1.592 4.960 5.429 40.697 0.275 <0.02 0.020 
  Long. 85° 55’ 53.6”               
Site 2 Lat. 35° 49’ 04.3” 1.187 6.510 0.596 33.226 0.174 0.938 0.020 
  Long. 85° 52’ 38.6”               
Site 3 Lat. 35° 48’ 56.4” 1.193 7.812 0.943 37.940 0.203 1.265 0.025 
  Long.  85° 47’ 49.3”               
                  
Hills 
Creek                 
Site 1 Lat. 35° 34’ 07.4” 4.432 25.317 2.130 70.015 0.161 0.171 <0.02 
  Long. 85° 40’ 46.1”               
Site 2 Lat. 35° 33’ 59.2” 7.617 52.234 3.323 104.407 0.208 0.044 <0.02 
  Long. 85° 39’ 34.1”               
Site 3 Lat. 35° 33’ 59.0” 3.997 19.432 1.762 65.418 0.218 0.274 0.025 
  Long. 85° 39’ 34.8”               
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Figure 1. River Otters (Lontra Canadensis) in Mountain Creek 


