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The Issues: 
 

Optimum management of global water resources presents one of the most critical challenges of the 21st 
century. Drought, population growth, increased urbanization, ground water overdraft and over-
allocation of available surface water all contribute to fresh water shortages here in the United States.  

 

¶ Agriculture is the greatest consumptive user of water in the US, and in many regions agricultural 
water use cannot be sustained.  Irrigation accounts for 62% of freshwater (surface and ground 
water) use in the United States (Kenny et al., 2009). 

 

¶ More than 55.4 million acres of land were irrigated in the United States in 2013, of which 72% were 
irrigated by sprinkler and micro-irrigation systems (USDA-NASS, 2014) 
 

¶ The issues of water scarcity and water security were highlighted in recommendations by the Water 
²ƻǊƪƛƴƎ ƎǊƻǳǇ ƻŦ ǘƘŜ ƴŀǘƛƻƴΩǎ [ŀƴŘ-Grant Institutions to the US Department of Agriculture in August 
2014Σ ŜƴǘƛǘƭŜŘ άNational Initiative on the Improvement of US Water SecurityΦέ 

  
What the SCRI-MINDS Project has Developed: 

 

¶ Better tools are needed to assist farmers to use irrigation water as efficiently as possible. With 
funding from the USDA Specialty Crops Research Initiative (SCRI) the SCRI-MINDS project has 
developed advanced wireless sensor control technology and software to apply irrigation water 
based on daily plant requirements. 

 

¶ This wireless sensor control (WSC) system is now commercially-available as ǘƘŜ tƭŀƴǘtƻƛƴǘϰ ǎȅǎǘŜƳ 
through one of the SCRI-MINDS project partners (Decagon Devices Inc., Pullman, WA). 

 

¶ Additionally, the SCRI-MINDS project developed advanced monitoring and control software that 
extends the capability of the PlantPointϰ systems.  This software is commercially available from 
Mayim, LLC (Pittsburgh, PA). 

 

¶ The SCRI-MINDS project has supported and benefited from the research of 4 international visiting 
scientists, 4 post-doctoral research associates, 11 PhD, 4 MS graduate students and 9 undergraduate 
research interns.  Many of the post-doctoral and PhD students are now in academic or research 
positions at Universities and companies in the US and Korea.   

 
Demonstrated Benefits of Wireless Sensor Network Control Systems: 
 

The SCRI-MINDS project has demonstrated that wireless sensor network control systems can provide 
specialty crop producers with the following benefits: 

 

A. Provide Farmers with their Own Real-time Information:  Sensor networks provide farmers soil 
moisture and environmental conditions for their own farm, via smartphone or any device that can 
access the internet. This provides farmers with information they trust and act upon.  We have 
learned that most farmers make much better irrigation management decisions because they have 
access to their own information (Lea-Cox et al, 2013). 
 

B. Precision Control of Irrigation Water Applications:    We have shown through our research that we 
can achieve between a 40 and 70% reduction in irrigation water applications with sensor-based set-
point irrigation control.  For one of our growers, an average 50% reduction in irrigation saved over 
43 million gallons of water, and $6,500 in pumping costs in 2012.  In the central valley of California, 
where water costs are typically $750 / acre foot, the net cost of this 43M gallons of water would 

http://www.agcensus.usda.gov/Publications/2012/Online_Resources/Farm_and_Ranch_Irrigation_Survey/fris13.pdf
http://www.aplu.org/document.doc?id=5505
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have been at least $100,000, without accounting for additional pumping, plant growth or other 
economic benefits.  In this case, the return on investment for the entire sensor network ($48,000) 
would have been less than 4 months (Belayneh et al, 2013). 

 

C. Advances in Model-Based (Predictive) Irrigation Control: We have demonstrated that model-based 
irrigation control (MAESTRA, Bauerle et al., 2014) can be as reliable as sensor set-point control.  
Predictive model-based irrigation offers a scalable, economic alternative to sensing substrate 
moisture. To simplify model-based irrigation applications on farms, physiological studies have shown 
that only two measured physiological parameters (g0  and g1) can maintain >90% transpiration 
prediction accuracy among genotypes or species (irrigation functional groups). Moreover, g0 (as a 
single measured parameter) is the most influential parameter for predicting species-specific 
transpiration, is very easy to measure, and measured values provide more accurate model estimates 
of transpiration than linear extrapolation of the photosynthesis-stomatal conductance relationship.  

 

D. Impact on Water Availability:  For most producers, the cost of water is very low compared to other 
variable costs, such as labor.  However, most producers are limited by the capacity of their well, or 
by the time it takes to irrigate.  Water availability and irrigation time is often the major constraint on 
the amount of land under production. One ornamental grower installed an additional 30-acre 
production block in 2013 based on the amount of water he saved using sensor-based irrigation.  

 

E. Increased Crop Yields and Quality:  The growers now have a tool to further refine their growing 
practices for increases in yield and quality. For example, Majsztrik et al., (2013) and Lichtenberg et 
al., (Irrigation Science, in review) demonstrated that more timely irrigation decisions through the 
use of sensor networks in greenhouse production increased the yield and quality of  snapdragon 
(cut-flowers) by 30% depending on season and cultivar. 

  

F. Labor Costs, Risk Reduction:  The automation and control of irrigation control in many nurseries can 
have a large impact not only on water, nutrient use and disease management, but for many larger 
nurseries, it is likely to reduce the fixed costs of at least 1-2 full-time irrigation managers. For many 
ornamental growers, this would amount to between $50,000 and $75,000 per year. It is unlikely that 
these jobs would be lost, since lower-skill jobs (opening and closing valves) would be replaced by 
higher-skill jobs (monitoring and maintenance, data interpretation) of computer-controlled 
irrigation systems. With better information provided by sensor networks, irrigation managers are 
likely to make much better and more timely irrigation decisions, and translate that knowledge into 
better nutrient management results (e.g. by reduced leaching events)  

 

G. Reductions in Nutrient Leaching:  Water moves fertilizer through the soil, so irrigation management 
is a key part of nutrient management. Excessive irrigation leaches fertilizer from the root zone and 
results in additional fertilizer use.  Bayer et al., (2014) found that sensor-based irrigation techniques 
can greatly reduce the fertilizer leaching, cutting the required fertilizer applications by 50%.  We 
have estimated that just in GA (where the study was conducted), this would save ornamental 
growers about $10,000,000 per year in fertilizer costs. For farmers in Maryland and Florida, 
demonstrating reductions in nutrient use is a key part of complying with State-mandated nutrient 
management regulations.   Reduction in leaching also reduces the runoff from herbicide, fungicide 
and systemic pesticide applications. 

 

H. Reduction in Plant Growth Regulator Chemicals:  Plant growth retardants όtDwΩǎύ are widely used in 
ornamental horticulture to control plant size.  Research with poinsettias (Alem et al., 2014) has 
shown that the use of a controlled water deficit is an effective, non-chemical alternative to the use 
ƻŦ tDwΩǎ. Reducing the substrate water content reduces the stem elongation rate when plants get 
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too tall. Using sensor-controlled irrigation systems, growers can maintain a lower substrate water 
content for as long as needed to get the amount of growth regulation needed. Additionally, the 
effect of water deficit quickly ends after substrate water content is increased again, in contrast to 
ǳǎƛƴƎ tDwΩǎΦ  ¢Ƙƛǎ makes the effect of water-deficits more predictable than uǎƛƴƎ tDwΩǎ, which can 
have long-lasting and unpredictable effects on elongation rates.  The use of non-chemical growth 
regulation can also be used for marketing purposes, since consumer concern over the use of agro-
chemicals is steadily increasing. 

 

I. Disease Management: Chappell et al., (2013) showed that with sensor-based irrigation, disease-
related losses with Gardenia were reduced from 30% to virtually zero, and the production cycle was 
shortened from 14 to 8 months, with consequent reductions in inputs (labor, fertilizer, fungicides 
etc.).  Combined, this resulted in a 256% increase in annualized profit (Lichtenberg et al., 2013), with 
a payback period of less than 1 month on the sensor network (approximately $6,000).  Although 
perhaps unusual, this study illustrates the compounded economic benefit of increases in efficiency, 
yield and disease reduction as well as increased turnover of production space. 

 

J. Overall Environmental benefits: We projected environmental benefits with a variety of scenarios 
for ornamental growers in the US (Majsztrik, Price and King, 2013).  For example, using a 50% 
industry adoption rate in the nursery industry alone, a 50% reduction in water would save enough 
water for 400,000 households a year, reduced energy usage equivalent to removing 7,500 cars 
annually, and savings of 282,000 kg of nitrogen and 182,000 kg of phosphorus from entering the 
environment (Majsztrik et al., 2013).  Adoption of the technology in the vegetable, fruit and nut 
industry would further increase these societal benefits. 

 

K. Weather Station (Microclimatic) Data: ¢ȅǇƛŎŀƭƭȅ ǿŜ ƛƴǎǘŀƭƭ ŀ άǿŜŀǘƘŜǊ ǎǘŀǘƛƻƴέ ƴƻŘŜ ǘƘŀǘ ƛǎ 
connected to a number of weather sensors.  Although the data are useful to growers to precisely 
measure their microclimatic conditions on the farm, it is the additional information that the 
Sensorweb software can calculate that provides very powerful information for farmers (Lea-Cox et 
ŀƭΦΣ нлмнύΦ  ¢Ƙƛǎ ƛƴǘŜƎǊŀǘŜŘ Řŀǘŀ ƛƴŎƭǳŘŜǎ ά5ŜƎǊŜŜ 5ŀȅǎΣέ ǳǎŜŘ ŦƻǊ ŎŀƭŎǳƭŀǘƛƴƎ ƛƴǎŜŎǘ ŜƳŜǊƎŜƴŎŜ ǊŀǘŜǎΣ 
and hence timing and targeting pesticide applications appropriately.  Chilling hours (predicting bud 
and flower emergence for fruit growers) can also be easily tracked, enhancing pollination decisions.  
Leaf wetness measurements can be used to predict disease outbreaks. This information, combined 
with real-time wind speed and direction data can significantly increase the efficacy of agrochemical 
sprays, to help avoid costly mistakes.  Many additional predictive models are being integrated into 
the software over time, adding to the value of the information that sensor networks provides 
farmers, to improve timing, resource use efficiency, productivity and ultimately profitability. 

 

L. Extending our Impact to Food Crops; Frost Warnings:  Strawberry production nationally is a $2.7B 
dollar industry, with over 70% of the production in Florida and California, where water and nutrient 
runoff are major concerns.  Current research at the University of Maryland is funded by a grant from 
the Walmart National Sustainable Strawberry Initiative. We are implementing sensor networks in 
strawberry production, not only to reduce irrigation water and nutrient applications, but also to 
investigate the utility of sensor networks for frost protection. Since we can sense both leaf and 
flower temperatuǊŜǎ ƛƴ ǘƘŜ ŎŀƴƻǇȅΣ ǘƘŜ tƭŀƴǘtƻƛƴǘϰ ǎȅǎǘŜƳ Ŏŀƴ ƴƻǘ ƻƴƭȅ ǎŜƴŘ ƻǳǘ ǘŜȄǘ ƻǊ ǾƻƛŎŜƳŀƛƭ 
alerts to growers on their phones, but irrigation systems can also be automated for frost protection, 
starting water applications only when needed. 

 

Much more information on the SCRI-MINDS project and these studies can be downloaded from the 
project website at http://www.smart-farms.net/impacts and from our Knowledge Center at 
http://w ww.smart-farms.org  

http://www.smart-farms.net/impacts
http://www.smart-farms.org/


7 

 

 

 

A. Engineering:  Hardware and Software Development  
 

During the fifth and final year of this phase of the project, engineering teams at Carnegie Mellon 
University and Decagon Devices, Inc. developed and implemented commercialization and support plans 
for the advanced wireless irrigation nodes and continued developing the system to improve scalability 
and add new features. Further a new company called Mayim, LLC has been created to commercialize the 
Sensorweb software.  Some of the engineering accomplishments are listed below. 
V Developed commercialization & support and plans for this new system 
V Developed & tested new hardware that forms the core of the commercial system 
V Created a new company, Mayim, LLC to commercialize the Sensorweb software 
V Continued support of over two dozen field sites 
V Integrated RFID into Sensorweb for scalable irrigation and crop traceability 
 

1. Decagon Devices, Inc. 
 

1. 1  Hardware Development 
 

During year 5 of the project, the engineering team at Decagon spent the project development resources 
creating the commercial version of the irrigation control hardware and software.  
Before finalizing the specifications of the commercial system, Decagon engineers took the opportunity 
to re-examine the approach and architecture of a monitoring and control system optimized for 
commercial horticultural growers. We conducted interviews with the partner growers to evaluate the 
positive and negative aspects of the prototype nR5 system. We considered how the commercial system 
could offer an economical way to scale up use across a whole operation. We also considered how 
updated hardware could help make the system better. 
 

 
 

Fig. 1 Components of the PlantPoint System. 
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The Decagon Devices PlantPoint System consists of wireless monitoring and control nodes, radio 
gateway, and a SmartBase application appliance. These are described in more detail below. 
The engineering team created 3 wireless node types for use in the PlantPoint System. The first node, 
nM50, has 5 ports for sensors. The nC24-DC and nC24-AC are the control nodes that have two sensor 
ports and 4 control ports each. 
 

The nM50 is similar to the nR5 node used by the partner growers in the project; however, it has updated 
hardware with more resources for firmware. This node is designed to just measure sensors so it is easily 
ŘŜǇƭƻȅŜŘ ŀƴȅǿƘŜǊŜ ƛƴ ǘƘŜ ƎǊƻǿŜǊΩǎ ƻǇŜǊŀǘƛƻƴ ǿƛǘƘƻǳǘ ƴŜŜŘƛƴƎ ǘƻ ōŜ ŎƭƻǎŜ ǘƻ ǘƘŜ ƛǊǊƛƎŀǘƛƻƴ ǾŀƭǾŜǎΦ ¢ƘŜ 
nM50 has an improved sensor interface that offers better support for current and future Decagon 
sensors. The improvements include the following features:  

1. Support sensors that require always-present excitation (e.g. DS-2 Sonic Anemometer) 
2. Auto-detection of Decagon digital sensors to reduce configuration steps and mistakes 
3. Flexible storage scheme to support more measurements coming from a digital sensor 

 
The nC24-AC is a sensing and control node designed for use with typical 24VAC solenoid valves. The 
ƴƻŘŜΩǎ п ƻǳǘǇǳǘǎ ŎƻƴǘǊƻƭ ǳǇ ǘƻ п ƛǊǊƛƎŀǘƛƻƴ ȊƻƴŜǎΦ ¢ƘǊƻǳƎƘ ǘƘŜ ǎƻŦǘǿŀǊŜΣ ǘƘŜ ƻǳǘǇǳǘǎ Ŏŀƴ ŀƭǎƻ ōŜ ƎŀƴƎŜŘ 
together if the irrigation zone requires multiple solenoid valves to be actuated at the same time. The 
nC24-AC requires an external source of 24VAC power to actuate the solenoid valves. The source must be 
energized while irrigation is needed, but may be shut down when no irrigation is scheduled. While the 
24VAC is available, the nC24-AC will harvest a small amount of power to recharge the batteries used to 
operate the node.  
 

 
 

Fig. 2  PlantPoint Gateway, monitoring, and control nodes. 
 

The nC24-DC is a sensing and controƭ ƴƻŘŜ ŘŜǎƛƎƴŜŘ ŦƻǊ ǳǎŜ ǿƛǘƘ 5/ ƭŀǘŎƘƛƴƎ ǎƻƭŜƴƻƛŘ ǾŀƭǾŜǎΦ ¢ƘŜ ƴƻŘŜΩǎ 
4 outputs control up to 4 irrigation zones or can be ganged together similar to the nC24-AC node. The 
nC24-DC node uses its internal battery power to actuate the DC latching valves and doŜǎƴΩǘ ǊŜǉǳƛǊŜ an 
external power source.  The node has a solar energy harvesting circuitry to recharge the batteries. Both 
the nC24-AC and the nC24-DC have two sensing ports, which support all the same features as the ports 
on the nM50. Typically the grower will use these ports to measure sensors co-located near the solenoid 
valves. This could include a flow meter and in-line electrical conductivity meter.  
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Decagon engineers also updated the communication protocol used between the nodes and the 
SmartBase. An important advancement to this protocol is the ability for the node to receive firmware 
updates over-the-air from the SmartBase. This has the benefit of eliminating the labor associated with 
applying bug fixes and feature improvement updates to the wireless nodes deployed in the field. These 
updates happen without interrupting the regular operation of the node. 
 

The purpose of the PlantPoint Radio Gateway is to bridge the radio network of the nodes to the 
SmartBase appliance via a local area network (LAN). As documented in the year 4 engineering report, 
the gateway contains a radio module coupled with an Ethernet-enabled microprocessor housed in a 
weatherproof enclosure. The gateway hardware uses Power over Ethernet technology (IEEE 802.3af) so 
that only one cable is needed for both communications and power. A PlantPoint installation may have 
more than one Radio Gateway to provide sufficient coverage to the wireless monitoring and control 
nodes throughout the commercial growing operation.  
 

 
 

Fig. 3  Radio Gateway shown in its weather-proof case. 
 
The PlantPoint system supports data radios operating in different frequencies to allow the system to be 
compliant to radio use laws around the globe. In the USA and Canada, for example, the radio module 
uses the 900 MHz license-free ISM band. To support Europe, the system is available with an 868 MHz 
radio module. These sub-GHz radio modules offer a good balance of range, plant canopy penetration, 
ŀƴŘ ǇƻǿŜǊ ǳǎŜΦ CƻǊ ƭƻŎŀƭŜǎ ǘƘŀǘ ŘƻƴΩǘ ƘŀǾŜ ǎǳō-GHz frequency bands available, PlantPoint will use a 2.4 
GHz data radio. The 2.4 GHz configuration will have some reduced performance metrics because of the 
wireless propagation characteristics of this frequency. 
 

The development of the SmartBase hardware started in year 4. During year 5, the Decagon team 
identified updated components that will offer better performance for the application at the heart of the 
PlantPoint System. 
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The SmartBase appliance is 
built on an industrial computing 
motherboard. It has no moving 
parts and is designed to 
operate 24 hours a day for 
years, similar to wireless router.  
 

Decagon also adds a simple LCD 
display board that offers the 
minimum necessary user 
interface to help the grower 
find the full-featured web 
software GUI. This Decagon-
designed LCD module also has 
integrated watchdog hardware 
that will reset the system if it 
becomes unresponsive. 

 
 

Fig. 4  PlantPoint SmartBase appliance showing LCD display. 
 

1.2.  Decagon Software Development  
 

Developing the PlantPoint application that runs on the SmartBase accounted for the majority of the 
Decagon engineering work for year 5. The software is built on a solid foundation of data handling, high-
performance sensor processing, and a robust communication protocol.  The system may be run in a 
monitoring only mode to provide decision support to the grower or in irrigation control mode that will 
Ŧǳƭƭȅ ŀǳǘƻƳŀǘŜ ǘƘŜ ƎǊƻǿŜǊΩǎ ƛǊǊƛƎŀǘƛƻƴΦ ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƛǎ ŀ ōǊƛŜŦ ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǎƻƳŜ ƻŦ ǘƘŜ ƛƳǇƻǊǘŀƴǘ 
software features of the PlantPoint System. 
 

Configuring the settings for each irrigation zone is handled by a template system in the PlantPoint 
software. The grower configures common settings in one place and can apply them as appropriate 
specific to each irrigation zone.  
 

For example, if the grower were 
using two different growing 
media, they would define the 
sensor calibrations appropriate 
for each media (Fig. 5). The 
grower then chooses the sensor 
calibration template as 
appropriate for each zone. This 
template system also facilitates 
necessary changes through the 
growing season. For example, 
the grower will define one set of 
irrigation rules appropriate for 
the spring and one for the hotter 
summer months.  Switching to 
the appropriate irrigation rules 
template as seasons change is 
quick and easy. 

 

 
 

Fig. 5 PlantPoint application showing media calibration template. 
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The earlier nR5-based prototype system used in the project used the concept of local control to enable 
irrigation. If soil moisture levels fell below a pre-set value, the node would allow irrigation to happen. 
After interviewing commercial growers, Decagon engineers realized this scheme was too simplistic for 
many situations in commercial horticulture. The PlantPoint system uses a concept of global control 
where any number of grower-designated metrics can start an irrigation event for each zone. 
 

A simple example might be that a grower wants to give a short irrigation event to a zone at sunrise 
regardless of the current water content sensor reading. Then also give irrigation events as needed 
during the hot time of the day whenever the water content sensor readings drop below a pre-set value. 
A more complex example might include starting irrigation events based on low water content readings, 
accumulated solar radiation, or high electrical conductivity sensor readings. 
 

Defining a timer-based irrigation scheme is one aspect of configuring an irrigation zone. This becomes 
the failsafe schedule loaded into the nC24 nodes controlling irrigation. The fail-safe schedule can be 
customized for each zone as appropriate for the crop in the zone. In the event a control node loses 
contact with the system, it will employ the fail-ǎŀŦŜ ƛǊǊƛƎŀǘƛƻƴ ǎŎƘŜŘǳƭŜ ǘƻ ǇǊƻǘŜŎǘ ǘƘŜ ƎǊƻǿŜǊΩǎ ŎǊƻǇΦ 
 

The PlantPoint Zone display (Fig. 6) shows the real-time status of the sensor measurements and the 
irrigation control thresholds. The grower can see on this display when irrigation happened and what 
event triggered it. The grower can also perform manual overrides to the irrigation events using the Zone 
Display GUI. 
 

 
 

Fig. 6  PlantPoint application zone overview dashboard. 
 
 

PlantPoint offers multiple dashboard views to give the grower the big picture overview of the health and 
status of their system. This can be a spatial display (Fig 7) showing irrigation zones and wireless 
monitoring and control nodes on a map. Another dashboard shows the most recent sensor readings and 
a simple time series to help the grower spot problem zones. A third dashboard shows the operational 
status of each of the PlantPoint System components (e.g. battery, signal strength, etc.). Each of these 
dashboards will show icons and messages to alert the grower to problems in their system. 
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Fig. 7 PlantPoint application showing spatial dashboard. 
 
In addition to the status alerts in the dashboard, the PlantPoint System will ǎŜƴŘ ŀƭŜǊǘǎ ǘƻ ǘƘŜ ƎǊƻǿŜǊΩǎ 
ƳƻōƛƭŜ ŘŜǾƛŎŜΦ ¢ƘŜǎŜ ŀƭŜǊǘǎ Ŏŀƴ ōŜ ǇǊƛƻǊƛǘƛȊŜŘ ŀƴŘ ǎŜƴǘ ǘƻ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ƳŜƳōŜǊ ƻŦ ǘƘŜ ƎǊƻǿŜǊΩǎ ǎǘŀŦŦΦ 
The PlantPoint System includes a graphical data report builder. The grower can use this feature to define 
charts with data from any sensor in the system. This enables the grower and their consultant to learn 
from historical data as they tune the system settings. The report feature also allows exporting sensor 
data for further analysis outside of the PlantPoint application. 
 

The initial PlantPoint System will offer the ability for remote access for support and troubleshooting. 
Remote access is implemented by a secure, virtual private network (VPN). The grower will customize the 
configuration of the VPN. Using a VPN, the grower ŘƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ǎǇŜŎƛŀƭ ƴŜǘǿƻǊƪ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ŦǊƻƳ 
their internet service provider (ISP) or configurations in their internet router to allow remote access to 
the PlantPoint System. 

 

1.3  PlantPoint System Commercial Release 
 

By the end of year 5, the Decagon marketing team had prepared marketing materials for the commercial 
release of the PlantPoint System (see below). Decagon exhibited the PlantPoint at the following 
horticulture industry and academic trade shows and conferences. 

¶ American Society for Horticultural Science 2014 (Orlando, FL) 

¶ Citrus Expo 2014 (Ft. Meyers, FL) 

¶ The Landscape Show 2014 (Orlando, FL) 

¶ International Horticulture Congress 2014 (Brisbane, Australia) 
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Fig 8.  Decagon marketing materials for the PlantPoint System 



14 

 

 

 

1.4 PlantPoint System Installation, Training and Support 
 

We recognize that while the PlantPoint system is designed to be easy to use and plug-and-play, three 
principal challenges remain, to provide complete client satisfaction.  These include: 

1. System design to accomplish specific grower needs and goals, 
2. System installation, setup and learning to use the software, 
3. Data management that allows a grower to make a decision. 

 
To minimize these challenges, Decagon works with a trained consultant network.  The consultants in 
this network are άŀǳǘƘƻǊƛȊŜŘέ ōȅ 5ŜŎŀƎƻƴΣ ŀƴŘ ǿƛƭƭ ƘŀǾŜ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǘǊŀƛƴƛƴƎ ŀƴŘ ōǳǎƛƴŜǎǎ ƳƻŘŜƭΦ   
This model mimics the consultant / distributor network used by Decagon in open-field commercial 
agriculture.   
 

1. Decagon provides phone and e-mail support, annual training, virtual seminars, and customer visits 
to the consultants in their network. 
 

2. The consultant works with the grower to determine the best system design for their goals.   
 

3. Decagon sells instrumentation to consultants, as opposed to directly to the grower. The 
consultant then either sells or rents the instrumentation to the grower, depending on the specific 
ŎƻƴǎǳƭǘŀƴǘΩǎ ōǳǎƛƴŜǎǎ ƳƻŘŜƭ ŀƴŘ ǘƘŜ Ǝƻŀƭǎ ƻŦ ǘƘŜ ƎǊƻǿŜǊΦ   
 

4. Consultants include at least one of the following services in their business model: 

¶ Installation and maintenance of all instrumentation sold, 

¶ Grower training on instrumentation, 

¶ Irrigation recommendations at a frequency relevant to the crop being grown, and 

¶ hǘƘŜǊ ŎǊƻǇ ŎƻƴǎǳƭǘƛƴƎ ŀǎ ƛǎ ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ ǘƘŜ ŎƻƴǎǳƭǘŀƴǘΩǎ ŜȄǇŜǊǘƛǎŜΦ   
 

 

2. Carnegie Mellon  University 
 

2.1 Sensorweb Software Development.   
 

During the fifth and final year of this phase of the project, engineering teams at Carnegie Mellon 
University and Decagon Devices, Inc. developed and implemented commercialization and support plans 
for the advanced wireless irrigation nodes and continued developing the system to improve scalability 
and add new features. Further a new company called Mayim, LLC has been created to commercialize the 
Sensorweb software.  Some of the engineering accomplishments are listed below. 
 

V Developed commercialization & support and plans for this new system 
V Developed & tested new hardware that forms the core of the commercial system 
V Created a new company, Mayim, LLC to commercialize the Sensorweb software 
V Continued support of over two dozen field sites 
V Integrated RFID into Sensorweb for scalable irrigation and crop traceability 
 

The Sensorweb software platform has been developed and tested thoroughly over the past five years. 
Over the course of this project Sensorweb has grown into a valuable tool for growers and researchers 
alike. Based on the value that Sensorweb can provide and feedback from existing growers we have 
decided to commercialize the Sensorweb software in addition to the nodes. The new commercial entity 
formed ƛǎ aŀȅƛƳΣ [[/ ǿƘƛŎƘ ƛǎ ǘƘŜ IŜōǊŜǿ ǿƻǊŘ ŦƻǊ άǿŀǘŜǊέΣ ǘƘŜ ŎǊǳȄ ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘΦ aŀȅƛƳ Ƙŀǎ ŀƭǊŜŀŘȅ 
signed a license agreement with Carnegie Mellon University for the Sensorweb technology.  As part of 
this commercialization effort Sensorweb is being reworked to be even easier to use with  more 
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information available to growers with just a click, new features to help make Sensorweb more scalable, 
and new growing tools to let growers get even more value from this system (Fig. 9).  
 

 
 

Fig. 9. Sensorweb Homepage (Dashboard) ς Mayim, LLC 
 
Sensorweb is compatible with the current generation of Decagon nodes and will also be compatible with 
the new Plant Point monitoring and control that have been commercially released by Decagon Devices. 
 

Mayim, LLC has already sold four systems commercially demonstrating the value of Sensorweb outside 
the scope of this project that it was developed for.  Mayim has also developed strategic partnerships 
with other companies to help Sensorweb grow and scale to large farms controlling hundreds of 
irrigation solenoids.    
 

In addition to commercializing the software, new features have been added to Sensorweb. New features 
include new growing tools and alert capabilities, and radio frequency Identification (RFID) integration. 
The new tools allow growers to better track water usage and savings. The new alerts make it easier for 
growers to monitor many different sensors, including flow, which is an important fault detection device.  
The RFID integration is just starting but it will allow Sensorweb to scale up to many species, and be able 
to track irrigation settings as a crop is moved. 
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Adding RFID also has the benefits of 
allowing growers to track crop locations 
and conditions from planting to 
distribution.  
 

Currently Sensorweb has the ability to 
read RFID tags and enter the tag and 
the time it was read into its database. 
As part of the re-design of the 
Sensorweb user interface, we are 
looking at different ways to visualize 
the data from the RFID tags. 

 
 

Fig. 10. Sample RFID tags that we are evaluating. 

 

2.2. Sensorweb Supported Networks  
 

Over the course of this project Sensorweb has been used at many field sites. The table below shows the 
Sensorweb sites over the course of this project that have been installed and supported. 

 
Table 1.  Sensorweb sites supported by the SCRI-MINDS project, by location 
 

Colorado 
1. Fort Collins 

 Pennsylvania 
1. Penn State FREC 
2. Robot City 

Ecuador 
1. Dulcepamba Watershed 

(EM50G) 

 Tennessee 
1. Hale & Hines 

Georgia 
1. Davis Floral 
2. Evergreen Nurseries 
3. Garden Design Nursery 
4. McCorkle Nurseries 

 
5. Riverbend Nursery 
6. Transplant Nurseries 
7. UGA Research Greenhouse 
 

Texas 
1. NASA Johnson Space Center 

Green Roof (EM50G) 

Maryland 
1. Flowers by Bauers 
2. Moon Nurseries 
3. Potomac Plaza Green Roof 

(EM50G) 
4. Raemelton Farm 
5. UM Taproots Teaching 

Network (EM50G) 

 
6. UM Green Roof Network 
7. UM Research Greenhouse 

Network 
8. Waverley Farm 
 

Virginia 
1. Lancaster Farms 

 

Ohio 
1. Willoway (Production site) 
2. Willoway (USDA site) 

 Washington 
1. Sunrise Orchard 
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B. Scientific Research and Development 
 

1. Colorado State University 

In Years 4 and 5, the major effort under this objective was directed at optimization of the MAESTRA 
model, where: 
1. Carbon and water flux responses to physiology by environment interactions were investigated with 

a sensitivity analysis of climate impacts on biophysical model parameters: 
2. The implications of minimum stomatal conductance on estimating water flux in containerized tree 

nurseries were documented 
3. A comparison of the potential for scaling up irrigation scheduling techniques: substrate moisture 

sensing versus predictive water use modeling was conducted 
 

Figure 11 illustrates the influence of environmental (evaporative demand) and the physiological control 
exerted by C3 plants on transpiration.  
 

 
 

Fig. 11.  Influence of Environmental and physiological parameters on plant water use. 
 
To simplify model complexity and scale irrigation predictions to the entire horticulture operation (e.g. 
one to hundreds of acres) we have focused in on (1) two parameters that we identified to comprise the 
majority of transpiration prediction power, (2) canopy aerodynamic implications for transpiration 
estimates, and (3) model versus sensor based irrigation scheduling.   

 

1.1 The implications of minimum stomatal conductance on estimating water flux in containerized 
tree nurseries.  
 

Stomatal conductance (gs) models are widely used at a variety of scales to predict fluxes of mass and 
energy between vegetation and the atmosphere.  Several gs models contain a parameter that specifies 
the minimum gs estimate (g0).  Sensitivity analyses with a canopy flux model (MAESTRA) identified g0 to 
have the greatest influence on transpiration estimates (seasonal mean of 40%; Fig. 12). 
 

Previously, a spatial analysis revealed the influence of g0 to vary (30-80%) with the amount of light 
absorbed by the foliage and to increase in importance as absorbed light decreased. 
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The parameter g0 is typically 
estimated by extrapolating the 
linear regression fit between 
observed gs and net 
photosynthesis (An). However, our 
measurements demonstrate that 
the gs-An relationship becomes 
nonlinear at low light levels and 
thus, extrapolating values from 
data collected in well-lit conditions 
resulted in an underestimation of 
g0 in Malus domestica when 
compared to measured values 
(20.4 versus 49.7 mmol m-2 s-1 
respectively).  In addition, 
extrapolation resulted in negative 
g0 values for three other woody 
species. 

 
 

Fig. 12. Relative importance of model parameters. 
 
 
 
We assert that g0 can be measured directly with 
diffusion porometers (as gs when An Җ лύΣ ǊŜŘǳŎƛƴƎ 
both the time required to characterize g0 and the 
potential error from statistical approximation (Fig. 
13).  Diffusion porometer measurements offer a 
viable means to quantify the g0 parameter, 
circumventing errors associated with linear 
extrapolation of the gs-An relationship. 

 
 

Fig.13. Handheld leaf porometer 
(Decagon Devices, Inc.) 

 
These results solidify the importance of two key transpiration prediction model parameters at larger 
scales. The findings will help guide our ability to scale water use estimates at the nursery scale. 
 

Barnard, D.M. and W.L. Bauerle. 2013. The implications of minimum stomatal conductance on 
modeling water flux in forest canopies. J. Geophysical Research: Biogeosciences, 118, 1322-1333. 
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1.2 Seasonal canopy aerodynamics varies among species: Potential implications for transpiration 
estimates. 

 

The decline in wind speed with depth into plant canopies is often empirically characterized with an 
ŜȄǇƻƴŜƴǘƛŀƭ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘ όʰύΦ !ŜǊƻŘȅƴŀƳƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ ǘƘŜ ŎŀƴƻǇȅ ŘŜǘŜǊƳƛƴŜ ʰ ŀƴŘ ǘƘǳǎ 
variation among species, vegetation type, and canopy development stage can occur. Error in 
ŎƘŀǊŀŎǘŜǊƛȊƛƴƎ ʰ Ŏŀƴ ŀŦŦŜŎǘ ŜǎǘƛƳŀǘŜǎ ƻŦ ōƻǳƴŘŀǊȅ ƭŀȅŜǊ ŎƻƴŘǳŎǘŀƴŎŜ ǘƻ ǿŀǘŜǊ ǾŀǇƻǊ όgbV), the canopy 
ŘŜŎƻǳǇƭƛƴƎ ŎƻŜŦŦƛŎƛŜƴǘ όҠύΣ ŀƴŘ ǘǊŀƴǎǇƛration. Hence, the goals of the current study were to characterize 
ǘƘŜ ŎƘŀƴƎŜ ƛƴ ǎŜŀǎƻƴŀƭ ŀŜǊƻŘȅƴŀƳƛŎǎ ƛƴ ŦƻǳǊ ǘǊŜŜ ǎǇŜŎƛŜǎ ǘƻ ŎƻƳǇŀǊŜ ʰ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ŎŀƴƻǇȅ ǿƛƴŘ 
ǇǊƻŦƛƭŜǎ ǘƻ ǇǊŜŘƛŎǘƛƻƴǎ ƻŦ ʰ ŦǊƻƳ ŀ ǎƛƳǇƭŜ ŜƳǇƛǊƛŎŀƭ ƳƻŘŜƭΣ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƛƴŦƭǳŜƴŎŜ ƻŦ ʰ ƻƴ gbVΣ ҠΣ ŀƴŘ 
transpiration, and explain the influence of wind speed on transpiration over a range of environmental 
ŎƻƴŘƛǘƛƻƴǎ ǳǎƛƴƎ ŀ ŎŀƴƻǇȅ ŦƭǳȄ ƳƻŘŜƭ όa!9{¢w!ύΦ !ƳƻƴƎ ǎǇŜŎƛŜǎΣ ƳŜŀǎǳǊŜŘ ʰ ǾŀǊƛŜŘ ǿƛǘƘ ǿƛƴŘ ǎǇŜŜŘ 
above the canopy (U3m) and over the season. Leaf area index (LAIύ ǿŀǎ ŎƻǊǊŜƭŀǘŜŘ ǿƛǘƘ ʰ ŀƳƻƴƎ ǎǇŜŎƛŜǎ 
and measurement periods (R2 Ґ лΦтуύΣ ŀƴŘ ǘƘŜ ǎƛƳǇƭŜ ŜƳǇƛǊƛŎŀƭ ƳƻŘŜƭ ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ ʰ ǿŀǎ ǿŜƭƭ 
correlated with measurements (R2 = 0.92). Towards the middle of the season, mean canopy gbV 
decreased to 20-50% of early season gbVΣ ǿƘŜǊŜŀǎ ƳŜŀƴ ŎŀƴƻǇȅ Ҡ ŦƻƭƭƻǿŜŘ ŀ ǎƛƳƛƭŀǊ ōǳǘ ƛƴǾŜǊǘŜŘ 
parabolic trend. Mean canopy gbV was strongly correlated with U3m ƛƴ ǘƘŜ ƭƻǿŜǊ ʰκLAI canopies and with 
Řŀƛƭȅ ƛƴǘŜǊǇƻƭŀǘŜŘ ʰ ƛƴ ƘƛƎƘŜǊ ʰκLAI canopies. The influence of a discrete increase in wind speed (0.6 to 
2.4 m s-1) resulted in a wide variation of influence on transpiration estimates (-30% to 20%). We 
ŎƻƴŎƭǳŘŜ ǘƘŀǘ ǿƛǘƘƛƴ ŎŀƴƻǇȅ ǾŀǊƛŀǘƛƻƴ ƛƴ ǿƛƴŘ ǎǇŜŜŘ Ŏŀƴ ƛƴŦƭǳŜƴŎŜ ǘǊŀƴǎǇƛǊŀǘƛƻƴ ŜǎǘƛƳŀǘŜǎ ŀƴŘ ҠΣ ǘƘǳǎ 
accurate characteriȊŀǘƛƻƴ ƻŦ ʰ ƻǾŜǊ ǘƘŜ ǎŜŀǎƻƴ ƛǎ ƛƴǘŜƎǊŀƭ ǘƻ ǇǊŜǎŜǊǾŜ ǘǊŀƴǎǇƛǊŀǘƛƻƴ ŜǎǘƛƳŀǘŜ ŀŎŎǳǊŀŎȅΦ 
 

Barnard, D.M. and W.L. Bauerle. 201x. Seasonal canopy aerodynamics varies among species: 
potential implications for transpiration estimates. In preparation 
 

1.3 Species-specific irrigation scheduling with a spatially explicit biophysical model: a comparison 
to substrate moisture sensing with insight into simplified physiological parameterization. 

 
Biophysical models that spatially 
characterize the photosynthesis-
stomatal conductance (An-gs) 
linkage offer a predictive approach 
to determining species-specific 
transpiration for irrigation 
scheduling. However, due to the 
complexity of physiological 
parameterization, biophysical 
models have been impractical for 
nursery implementation (Fig. 14). 
 
 
 

 
 

Fig. 14.  Biophysical parameters involved in transpiration 
 

An alternative to predictive irrigation scheduling is sensing substrate moisture, controlling irrigation 
based on measured volumetric water content. Directly sensing substrates to aid in irrigation scheduling 
is increasingly being adopted; thus a comparison with predictive control is warranted. This study had 
two primary goals: first, we compared the growth (crown leaf area and stem caliper) and irrigation 
application efficiency (ea) of a predictive scheduling method to a substrate moisture sensing-based 
method in five deciduous tree species, grown in a containerized pot-in-pot production system (Fig. 15). 
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Fig. 15.  Large-scale validation of the MAESTRA model 
 
Incorporating measured g0 into MAESTRA (Fig. 16) significantly improved transpiration predictions  
(6% overestimation versus 45% underestimation respectively), demonstrating the benefit in gs models.  
 

 
 

Fig. 16.  Integration of the MAESTRA model into Sensorweb for model-based irrigation scheduling 
 
 

The predictive method applied 18-56% more water than the sensing-based method in four species and 
6% less in the fifth (Fig. 17).  Mean ea, was 80.1 and 89.5% for predictive and sensing-based treatments 
respectively. Across species, predictive scheduling yielded 11-53% greater leaf area and 3.4-11% more 
caliper growth than sensing-based scheduling.  
 
Our second goal was to quantify the loss of transpiration estimate accuracy per species when key 
species-specific physiology parameter values in the An-gs scheme were replaced with multi-species 
means. We found the accuracy of transpiration estimates to depend largely on two parameters: g0 the 
minimum stomatal conductance and g1 the marginal water cost per unit carbon gain. 
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When only these two parameters were 
characterized on a species-specific basis 
transpiration estimates were within 10% 
error >65% of the time and within 20% 
error >95% of the time. We conclude that 
the parameters g0 and g1 in the An-gs 
scheme are critical to accurate species-
specific transpiration estimates and that 
most other physiology parameters may 
be generalized, potentially eliminating 
the need for extensive An-gs gas exchange 
experiments to parameterize individual 
species or varieties 

 
 

Fig. 17.  Differences in irrigation volumes applied 
using MAESTRA-based irrigation scheduling 
compared to sensor (set-point) controlled irrigation.  

 

Barnard, D.M. and W.L. Bauerle. 201x. Species-specific irrigation scheduling with a spatially explicit 
biophysical model: a comparison to substrate moisture sensing with insight into simplified 
physiological parameterization. In review, Agricultural and Forest Meteorology. 

 

1.4 General Conclusions from Year 5. 
 

Modeling provides a representation of vegetation biophysical processes that are otherwise difficult to 
measure directly with equipment. However, it is essential that these processes be accurately 
represented in modeling frameworks in order to accurately depict interactions between physiology and 
environment. Hence, the purpose of this final year of work was to improve upon the robust modeling 
framework of MAESTRA by expanding the understanding of individual parameters, how they interact 
with the environment, how the model reacts to environmental change, and to ultimately test the 
predictive ability of the model by applying it in a real-time irrigation system for container grown trees.   
 

In so doing, a comparison between a substrate moisture and predictive technique (i.e. MAESTRA) for 
scheduling irrigation in container grown trees was conducted in real-time at Willoway Nursery. This is 
the first study of its type to use a complex model to schedule irrigation. We found that MAESTRA-
controlled irrigation produced greater tree growth by determining plant water needs more accurately 
than the moisture sensing technique. As agricultural water resources decline, these findings will have 
industry implications for improving irrigation scheduling as growers struggle to improve crop growth 
efficiency. We also found that, despite the complexity of MAESTRA, a close focus on two key parameters 
(g0 and g1) can yield accurate transpiration estimates while minimizing the need for the measurement of 
extraneous parameters. Hence, other transpiration model parameters for MAESTRA may be simplified 
with default values, increasing the ease of MAESTRA application in commercial settings.    
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2. Cornell University 
 

The specific short and long-term objectives of this work is to:  
 

1. Determine spatial and temporal variability of soil moisture and soil electrical conductivity to 
minimize the numbers of sensors required in diverse root environments at various scales 

2. Provide micro-scale (root environment) data and integrate it with macro-scale (atmospheric 
environment) models to predict (i.e. forecast) plant water use; 

3. Train undergraduate and graduate students in science and engineering. 
 

Activities Deliverables Success Criteria  

1. Determine spatial and 
temporal variability of soil 
moisture and soil electrical 
conductivity to minimize the 
numbers of sensors required in 
diverse root environments at 
various scales.   Quantify tree 
response to decreases in soil 
moisture 
 
2. Provide micro-scale (root 
environment) by relating tree 
root growth and distribution to 
sensor variability data and 
integrate it with macro-scale 
(atmospheric environment) 
models to predict (i.e. forecast) 
plant water use; 
 

1. Data on root system 
rhizosphere 
characterization 
  
 
 
  
 
 
 
2. Data derived from 
micro-scale CT to 
determine root spatial 
occupation 

1. Preliminary data that informs 
experiments on ornamental tree 
root response to its rhizosphere 
environment 
 
 
 
 
 
 
2. X-ray vision uncovers root-root 
interactions: quantifying spatial 
relationships among interacting 
root systems in three dimensions 
(in review) 

 

Goals Deliverables 

1. Supplement existing data sets to explain 
variation in tree responses to soil moisture 

1. Data on containerized root growth and 
exploration and root level shifts in rhizosphere 
attributes. 

 

2.1 Root system rhizosphere characterization 
 

At the individual plant level, water uptake is highly dependent on root distribution (Schenk & Jackson, 
2002). However, soil water availability shows high spatial and temporal variation (Göttlein & 
Manderscheid, 1998; Landsberg & Sands, 2011). Hence, root plasticity in response to fluctuating soil 
water content may be crucial in order to acquire sufficient resources for survival and growth (Thomas & 
Weiner, 1989; Casper & Jackson, 1997; Hodge, 2005; Schymanski & Sivapalan, 2008; Padilla et al., 2013). 
In addition to root growth into areas of high soil moisture, root function influences resource acquisition 
(Volder et al., 2005). How fast resource uptake and root exudation decline with root age relative to 
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ƻǘƘŜǊ ǎǇŜŎƛŜǎ Ƴŀȅ ŘŜǘŜǊƳƛƴŜ ŀ ǘǊŜŜΩǎ ŎƻƳǇŜǘƛǘƛǾŜ ŀōƛƭƛǘȅ ǿƘŜƴ ǊŜǎƻǳǊŎŜǎ ŀǊŜ ǎŎŀǊŎŜΦ aƻǊŜƻǾŜǊΣ root 
foraging depends on plant carbon status and transport, which may be limited during drought depending 
on plant water use strategy (McDowell et al., 2008). 
 

Plant roots release a tremendous diversity of chemical compounds into the soil including sugars and 
polysaccharides, organic acids, amino acids, protons, phenolics, fatty acids, sterols, growth factors, 
flavones, nucleotides, and enzymes (Uren, 2007). Recognizing that transport mechanisms across the 
root membrane of these different molecules can widely vary, this overall process is termed root 
exudation. Since it can be challenging to differentiate exudates from other root products such as border 
cells (Hawes et al., 1998; Hawes et al., 2000), root exudation is often defined as all organic substances 
and chemicals released into the soil by healthy roots (Rovira, 1969; Grayston et al., 1996). 
 

Since root exudation is the driver of many chemical, physical and microbial rhizosphere processes 
(Walker et al., 2003), the spatial and temporal dynamics of root exudation are important for improving 
our understanding of root-soil interactions.  The quantity and quality of root exudates are influenced by 
a variety of plant and environmental factors. First of all, different tree species can show large variation 
in the amount and composition of chemicals released into the rhizosphere (Shen et al., 1996; Sandnes et 
al., 2005; Yin et al., 2013), even within the same genus (Smith, 1969). Moreover, tree age and 
development influence root exudation (Smith, 1970; Groleau-Renaud et al., 1998), and recent evidence 
suggest this may in turn influence rhizosphere microbial community structures (Chaparro et al., 2013a). 
On a smaller scale, it is unknown how the age and life span of a specific root affect the movement of 
exudates into the soil. 
 

In response to plant nutrient status, roots release different chemicals (Hoffland et al., 1992; Zhang et al., 
1997; Yoneyama et al., 2007), modifying rhizosphere pH and increasing the availability of soil nutrients 
(Hoffland et al., 1992). In addition, root exudates can play an important role in shaping bacterial 
communities around roots (Shi et al., 2011) through influencing rhizosphere pH and redox potential, and 
releasing antimicrobials or stimulatory compounds such as sugars and amino acids (Hartmann et al., 
2009). Root exudates may also function as chemical signals facilitating rhizosphere communication 
(Perry et al., 2007) like attracting beneficial mycorrhizal fungi (Bouwmeester et al., 2007). 
 
Methods: 
 

Roots with similar lengths and weights but of different ages, as determined by root tracking, were 
sampled for root exudates using two different collection methods: submerging excavated and cleaned 
roots in cuvettes with nutrient solutions (Phillips et al., 2008) and placing sorption filters on roots and 
rhizosphere (Haase et al., 2007; Ohler et al., 2014).  
 

Windows were cut open to access roots (Figs. 18 A, B and CύΦ CƻƭƭƻǿƛƴƎ tƘƛƭƭƛǇǎ Ŝǘ ŀƭΦΩǎ ƳŜǘƘƻŘ όнллуύΣ 
roots were extensively cleaned with water and put in 30-mL cuvettes filled with glass beds (diameter = 1 
mm) and nutrient solution (0.5 mM NH4NO3, 0.1 mM KH2PO4, 0.2 mM K2SO4, 0.2 mM MgSO4, 0.3 mM 
CaCl2). Cuvettes were connected to tygon tubing needed for flushing out nutrient solution and exudates 
using a vacuum pump. After a 2-3 day incubation period, cuvettes were sampled for exudates. The 
ǎŀƳǇƭŜ ǿŀǎ ƛƳƳŜŘƛŀǘŜƭȅ ŦƛƭǘŜǊŜŘ ǘƘǊƻǳƎƘ ŀ лΦнн ˃Ƴ ǎȅǊƛƴƎŜ ŦƛƭǘŜǊ ŀƴŘ ŦǊŜŜȊŜ-dried until analysis 
(Carvalhais et al., 2011; Chaparro et al., 2013b). In addition, sorption filters were placed on 2 cm sub-
apical root/rhizosphere zones of known age for 4 hours.  
 

Filters are stored in freezer at -20°C until extraction with 80% methanol. During extraction, filters were 
removed by centrifugation. Using a speed vac concentrator, supernatant was dried at 30°C and 
subsequently stored for further analysis.   
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Fig. 18. Container set-up (A) of fabricated containers with mylar windows (B) and characteristic root 
growth on the mylar windows that allow for sampling root exudates and rhizosphere conditions (C). 
 
 

For quantitative and qualitative analyses of exudates by GC-MS, dried samples from both methods will 
ōŜ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀ нлл ˃[ ƳŜǘƘŀƴƻƭ ǎƻƭǳǘƛƻƴ ŀƴŘ ǎǳōƧŜŎǘŜŘ ǘƻ ŀ ǘǿƻ ǎǘŜǇ ŘŜǊƛǾŀǘƛȊŀǘƛƻƴ ǳǎƛƴƎ нр˃[ 
methoxyhydroxymethylamine (20 mg/mL pyridine) ŀƴŘ рл ˃[ a{¢C! ǿƛǘƘ ƛƴŎǳōŀǘƛƻƴ ǇŜǊƛƻŘǎ ƻŦ н ƘǊǎ 
and 30 min at 37°C. In addition, a mixture of fatty acid methyl esters with a chain length of C8-C30 were 
ŀŘŘŜŘ ŀǎ ƛƴǘŜǊƴŀƭ ǊŜǘŜƴǘƛƻƴ ƛƴŘŜȄΦ hƴŜ ˃[ ƻŦ ŜŀŎƘ ǎŀƳǇƭŜ ǿƛƭƭ ōŜ ŀƴŀƭȅȊŜŘ ǿƛǘƘ ŀ Ǝŀǎ ŎƘǊƻƳŀǘƻƎǊŀǇƘ 
cƻǳǇƭŜŘ ǘƻ ŀƴ Lƻƴ ¢ǊŀǇ a{Φ ! wȄƛϯр{ƛƭ a{ LƴǘŜƎǊŀ ŎƻƭǳƳƴ όwŜǎǘŜƪΣ лΦнр ƳƳ L5Σ ŀƴŘ лΦнр ˃[ Ŧƛƭ ǘƘƛŎƪƴŜǎǎύ 
was used for separation (Chaparro et al., 2013a; Ohler et al., 2014). 
 

2.2 Further work on CT imaging to measure root traits belowground 
 

Plant roots growing within a finite amount of space will inevitably interact with each other in the pursuit 
of essential resources.  Common parameters that quantify the effect of belowground interactions on 
root growth dynamics include fine root abundance, spatial/temporal deployment, growth rate, and 
diameter class (Casper and Jackson, 1997; Eissenstatt and Yanai, 1997; Eissenstatt et al. 2000, Kembell 
et al. 2008; Hodge, 2009). While parameters such as these differ across species, accurate observations 
are inherently limited by the opaque and heterogeneous nature of soil matrices, and generally require a 
destructive harvest of roots (Joslin and Henderson, 1982; Steingrobe et al. 2000), or visualization along a 
two dimensional (2D) surface (Gross et al. 1992; Majdi, 1996; Eissenstatt et al. 2000). 
 

However, recent advances in three dimensional (3D) imaging technology such as ground penetrating 
radar, laser imaging, nuclear magnetic resonance imaging (MRI), neutron radiography (NT), and X-ray 
computed tomography (CT) have made the observation of undisturbed root systems possible (Macfall et 
al. 1991; Butnor et al. 2001; Gregory et al. 2003; Kaester et al. 2006; Perret et al. 2007; Tracy et al. 2010; 
Moradi et al. 2011; Mairhofer et al. 2012). Further innovations in software such as Rootviz, Root track, 
RootReader3D, and Avizo (Saoirse et al. 2010; Tracy et al. 2010; Clark et al. 2011; Mairhofer et al. 2012), 
and specific filtering algorithms (Perret et al. 2007) have improved 3D image resolution and stream-lined 
the quantification of anatomical parameters such as lateral root length, lateral root number, root-
system surface area, and volume of undisturbed root systems. With every technological advancement, 
the scope of viable research questions and objectives continue to develop. For example, studies have 
already begun to explore the 3D spatial distribution of fine and coarse roots in forests (Pierret et al. 
1999, Butnor et al. 2001), mechanical buckling in plant roots (Silverberg et al. 2012), and water uptake 
at the root-soil interface (Moradi et al. 2011).  
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We also developed a series of belowground metrics that took advantage of the full 3D information, and 
quantified spatial relationships among root tips and root volume: a data set inaccessible with a 2D 
approach.  Our initial experiments utilized a common deciduous (Poplar) and evergreen (Spruce) tree 
ǎǇŜŎƛŜǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƻǳǘŎƻƳŜ ƻǊ Ǌƻƻǘ ƎǊƻǿǘƘ ŦƻǊ ǘƘŜǎŜ ǘƻ ǘǊŜŜ άŦǳƴŎǘƛƻƴŀƭ ǘȅǇŜǎέΦ  ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘ 
was a subset of a larger experiment that examined the change in root growth when solitary versus 
multiple tree species are grown in shared confined space.  Hence data are often reported as intra (same 
species) inter (two different species) or control (solitary tree species).  For the purpose of this grant the 
solitary tree species is of the highest importance. 
 

Irrigation was terminated after two months of growth.  Plants were allowed to transpire residual water 
remaining in each container for two days prior to imaging in order to reduce imaging artifacts. Plants 
were then transporteŘ /ƻǊƴŜƭƭΩǎ ƛƳŀƎƛƴƎ ŦŀŎƛƭƛǘȅ ŦƻǊ /¢ ǎŎŀƴƴƛƴƎΦ  
 

Root surface area was determined from the 3D data sets by sequentially analyzing each x-y cross-section 
ǿƛǘƘ a!¢[!.Ωǎ bwtraceboundary function. This identified the coordinates of the root perimeter from 
which we calculated the circumference of all roots passing through the plane. The circumference was 
multiplied by the cross-sectional thickness (100 µm) to estimate root surface area per image slice.  This 
was performed for all cross-sectional images and the results summed to calculate root system surface 
area. Root system volume was calculated by summing the total number of occupied voxels and 
multiplying by the volume per voxel, 10-3 mm3/voxel (Fig. 19). 
 
Fig. 19. With a 3D skeleton the effect of 
treatment on root system architecture and 
space exploration can be quantified. Two such 
metrics were radial density and the 
major/minor radii.  
 
For each of these metrics, the x,y,z coordinates 
of every point on a root system was used to 
determine the central mass or central position 
for each of the 1400 cross sectional images.  
 
The radial distribution of the root system 
volume (or root tips) are measured relative to 
center mass, and the average of this is the 
radial area of root tips.  
 

 
 
 

Following X-ray scanning, plants were destructively harvested. Leaves/needles and petioles were 
removed from the main stem and scanned using a photo scanner (Epson Expression 10000XL, 2400 dpi, 
Epson America Inc., Long Beach CA). Directly following the removal of aboveground tissues, acrylic 
containers were inverted and tamped to release the polystyrene medium along with roots, which were 
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gently rinsed under a 0.5 mm sieve. Polystyrene beads still attached to roots were removed using 
forceps. Individual roots were separated manually to prevent overlapping segments, placed on a photo 
scanner, and scanned. After scanning, above and belowground tissues were placed in separate paper 
bags, dried at 55 C for three days, and then weighed. Scanned images were analyzed for leaf surface 
area, root surface area, and total root length using WinRhizo (Winrhizo 2011, Regent Instruments, 
Canada). The number of root tips were counted manually using ImageJ . 
 

 
 

Fig. 20. Root system volume as a function of depth. A, C: scatter plots of aspen (Populus 
tremuloides) and spruce (Picea marianaύΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ !ǎǇŜƴΩǎ Řŀǘŀ ǿŀǎ Ŧƛǘ ǘƻ ŀ ŦƻǳǊǘƘ ƻǊŘŜǊ 
polynomial (Eq. 2): control (solid line, R2 = 0.21; P < 0.0001), intra-specific (dotted line, R2 = 
0.86, P < 0.0001), and inter-specific (dashed line, R2 = 0.50; P < лΦлллмύΦ {ǇǊǳŎŜΩǎ Ŧƛǘ ǘƻ ŀ ŦƻǳǊǘƘ 
order polynomial was: control (solid line, R2 = 0.07; P < 0.0001), intra-specific (dotted line, R2 = 
0.03, P < 0.0001), and inter-specific (dashed line, R2 = 0.20; P < 0.0001).  
 

Inset Graphs B, D: Heat map representing root system volume as a function of depth for aspen 
and spruce, respectively. Heat map units are in mm3. Each striated column represents the full 
root volume of a single seedling. Note the differences in axes. 

 
In our experiment using Picea mariana (spruce) and Populus tremuloides (aspen), we successfully 
rendered between 62-76% of the actual root system architecture. We believe that roughly 30% of the 
root systems were lost in the annotation phase of the methodology because of the criteria we followed 
for each annotation. Specifically, roots that contacted the container wall were to be excluded on the 
basis that these roots will behave uncharacteristically, i.e. container circling. Also, it was often the case 
that roots that contacted the container wall were unperceivable due to similarities in X-ray attenuation. 
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¢Ƙƛǎ ŎǊƛǘŜǊƛƻƴΣ ǿƘƛƭŜ ǇǊŜǎŜǊǾƛƴƎ ǘƘŜ άǳƴƛƳǇŜŘŜŘέ ƎǊƻǿǘƘ ƻŦ ǊƻƻǘǎΣ ƭŜŘ ǘƻ ŀ ƭƻǎǎ ƛƴ ǎƛƎƴƛŦƛŎŀƴŎŜ ƻŦ 
treatment on root system architecture. Specifically, the significant effect of treatment on destructively 
measured root system biomass and surface area was absent in the 3D reconstruction (3D volume or 3D 
surface area).  
 

Solitary aspen tended to distribute their root tips evenly across vertical space, and occupied an average 
depth of 58.6 mm ± 1.43 mm (Fig. 20). The average depth of spruce control root tips was 45.2 ± 
6.56mm. By spatially segregating root volume from root tips, a plant can occupy an exclusive volume of 
space while simultaneously foraging for resources, all the while reducing competition with itself. 
Therefore, when quantifying root growth dynamics in 3D volumes, either in response to itself or a given 
treatment, special attention should be paid to the dynamic growth and placement of root tips 
independently of whole root systems. 
 

 
3. University of Georgia 
 

3.1 New technology development 
 

The University of Georgia team developed a new irrigation/fertigation system that can irrigate and 
fertilize plants on-demand. The system uses sensors that can measure substrate water content and 
electrical conductivity (EC) (GS-3, Decagon Devices). These sensors are connected to a datalogger 
(CR1000, Campbell Scientific). The datalogger measures 16 sensors and for each sensor than determines 
if the measured water content and EC are below specific thresholds for that particular plot. Since EC can 
be used as a proxy for fertilizer concentration in the substrate, those readings are used to determine 
whether fertilization is needed.  If the water content and EC are both below their respective thresholds, 
the plants are fertigated (watered with a fertilizer solution) and if only the water content is below the 
threshold, the plants are irrigated with tap water. The system is capable of controlling irrigation and 
fertigation of 16 separate plots. Performance of the system is currently under evaluation with a crop of 
hellebores. 
 

The University of Georgia team designed and built a cheap, automated irrigation system using an 
Arduino Uno microcontroller, capacitance soil moisture sensors, and solenoid valves. This system 
effectively monitored and controlled VWC over a range of irrigation thresholds (0.2, 0.3, 0.4, and 0.5 m3 
m-3) in potted Hibiscus acetosella ΨtŀƴŀƳŀ wŜŘΩΦ ¢ƘŜ ƳƛŎǊƻŎƻƴǘǊƻƭƭŜǊ Ŏŀƴ ōŜ ǳǎŜŘ ǿƛǘƘ ōƻǘƘ ǊŜƎǳƭŀǊ нп 
VAC solenoid valves and with latching 9 VDC solenoids valves. The technology is relatively inexpensive, 
accessible, and required little maintenance over the course of a 41-d trial. The low cost of this irrigation 
controller makes it useful in many horticultural settings, including both research and production. 

 
3.2 Measuring Electrical Conductivity 

 

Electrical conductivity (EC) is commonly used as an indicator of fertilizer levels in soilless substrates. The 
EC can be determined as bulk EC (bEC, the EC of the combined solid, water and air phases) and as pore 
water EC (pwEC, the EC of the solution in the substrate). Since pwEC represents the EC of the solution 
that roots are exposed to, this measurement is more relevant for crop production. In situ EC sensors can 
simplify EC measurements and allow for continuous monitoring of substrate fertility level over time. 
However, these sensors generally determine bEC. Hilhorst developed a model to estimate pwEC from 
bEC and dielectric permittivity (₵b, directly related to substrate volumetric water content [VWC]). One of 
ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ƛƴ ǘƘŜ IƛƭƘƻǊǎǘ ƳƻŘŜƭ ƛǎ ǘƘŜ ǇŜǊƳƛǘǘƛǾƛǘȅ ƻŦ ŘǊȅ ǎƻƛƭκǎǳōǎǘǊŀǘŜ όŜΩˋōҐл), which is assumed to 
be similar ŦƻǊ ŘƛŦŦŜǊŜƴǘ ǎƻƛƭǎκǎǳōǎǘǊŀǘŜǎΦ IƻǿŜǾŜǊΣ ŜΩˋōҐл may depend on the dielectric properties of the 
substrate and the measurement frequency of the dielectric sensor. Our objective was to determine 
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ŜῺōҐл using four different sensors to optimize pwEC measurements in two soilless substrates 
(peat:perlite and peat:vermiculite).  
 

We collected data in both substrates, using a wide range of substrate VWC (0.22 to 0.55 m3·m-3) and 
three different fertilizer levels (0.5, 1.5, and 2.5 g·L-1) to get a broad range of pwEC values. Substrate 
temperature, ₵b, and bEC were measured with four different sensors (GS-3, Decagon Devices; 
HydraProbe II, Stevens Water Monitoring Systems; SigmaProbe and WET-2, Delta-T). A small amount of 
substrate solution was subsequently sampled using a juice press and the EC of this solution was 
measured. The solution EC was assumed to represent pwEC. These data were used to back solve the 
IƛƭƘƻǊǎǘ Ŝǉǳŀǘƛƻƴ ǘƻ ŎŀƭŎǳƭŀǘŜ ŜΩˋōҐлΦ ²Ŝ ŦƻǳƴŘ ǘƘŀǘ ŜΩˋōҐл is not a constant and depends on ₵b, bEC, and 
theiǊ ƛƴǘŜǊŀŎǘƛƻƴΦ ¢ƘŜ ǾŀƭǳŜ ƻŦ ŜΩˋōҐл also differed among sensors and substrates. More accurate 
ŜǎǘƛƳŀǘŜǎ ƻŦ ŜΩˋōҐл can result in more accurate pwEC measurements. Evaluation of our approach with an 
independent data set suggests that accuracy of pwEC measurements differs among sensors, with the 
D{о ǇŜǊŦƻǊƳƛƴƎ ǿƻǊǎŜ ǘƘŀƴ ǘƘŜ {ǘŜǾŜƴǎ IȅŘǊŀǇǊƻōŜ ŀƴŘ 5Ŝƭǘŀ ¢Ωǎ {ƛƎƳŀǇǊƻōŜ ŀƴŘ ²9¢ ǎŜƴǎƻǊΦ ¢ƘŜ 
relative poor performance of the GS3 sensors may be due to the low ₵b values measured in soilless 
substrates. This low ₵b makeǎ ǾŜǊȅ ǇǊŜŎƛǎŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ŜΩˋōҐл more important, which can limit 
sensor performance. 
 

3.3 Modeling Evapotranspiration 
 
The UGA team collaborated with David Kohanbash at Carnegie Mellon on the incorporation of 
evapotranspiration (ET) modeling into Sensorweb. Marc van Iersel checked the programming code and 
subsequently tested the resulting grower tool.  
 
Figure 21 shows ET as calculated by 
Sensorweb for a site near the UGA 
research greenhouses (Riverbend Road, 
Athens, GA, x-axis) and ET data from the 
nearest UGA weather Station 
(Horticulture Farm, Watkinsville, GA; y-
axis). Although there is a highly 
significant (P < 0.00001) correlation, it is 
not as strong as we hoped. This may be 
due to the location of the weather 
station at the research greenhouses, 
where wind may have been partly 
blocked by the greenhouses while there 
could be some reflected light from the 
greenhouses that affects radiation 
measurements. 
 

 
 
 

Fig. 21.  Comparison of predicted vs. measured ET  
 

3.4 Production research: Plant quality 
 

Using time-lapse photography, the UGA team studied diurnal elongation patterns of Hibiscus acetosella. 
Elongation is most rapid at night and especially shortly after the onset of darkness. Exposing plants to 
drought stress reduces elongation rates, and elongation rates do not immediately recover to the rate of 
unstressed plants after the plants are re-watered.   
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Using tomato as a model crop, the UGA team is studying the role of gibberellins on drought-induced 
reductions in elongation rates. Tomato plants were grown under well-watered and drought-stressed 
conditions and some plants were treated with gibberellin biosynthesis inhibitors. Internode tissue has 
been collected for quantification of gibberellin mRNA concentrations. These samples are currently being 
analyzed. The results will be used to relate plant morphological responses to genetic and hormonal 
processes. 
 

Height regulation is crucial in many ornamental species, including poinsettia (Euphorbia pulcherrima) 
production for both aesthetics and postharvest handling. Controlled water deficit (WD) offers a 
potential alternative to plant growth retardants (PGRs) for poinsettia height regulation. We have 
previously shown that WD can be used to regulate poinsettia stem elongation. However, it is not clear 
what the limits are for height control using WD and how it may affect aesthetic qualities, such as bract 
size. Our objectives were to determine how much shoot elongation can be inhibited using controlled 
WD and to investigate possible adverse effects of WD on shoot morphology. Rooted cuttings of 
ǇƻƛƴǎŜǘǘƛŀ Ψ/ƭŀǎǎƛŎ wŜŘΩ ǿŜǊŜ ǘǊŀƴǎǇƭŀƴǘŜŘ ƛƴǘƻ мр ŎƳ Ǉƻǘǎ ŦƛƭƭŜŘ ǿƛǘƘ ул҈ ǇŜŀǘΥ нл҈ ǇŜǊƭƛǘŜ όǾκǾύ 
substrate. Three target heights (43.2, 39.4 and 35.6 cm) were set at pinching and height tracking curves 
were used to monitoǊ Ǉƭŀƴǘǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ŎȅŎƭŜΦ {ǳōǎǘǊŀǘŜ ǾƻƭǳƳŜǘǊƛŎ ǿŀǘŜǊ ŎƻƴǘŜƴǘ όʻύ 
was maintained at 0.40 m3ϊm-3 (a matric potential of approximately -5 kPa) during well-watered 
conditions and reduced to 0.20 m3ϊm-3 (approximately -75 kPa) when plants were taller than desired, 
ōŀǎŜŘ ƻƴ ǘƘŜ ƘŜƛƎƘǘ ǘǊŀŎƪƛƴƎ ŎǳǊǾŜǎΦ /ƻƴǘǊƻƭ Ǉƭŀƴǘǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ŀǘ ŀ ʻ ƻŦ лΦпл Ƴ3ϊm-3 throughout 
the study and had a final height of 51.2 cm.  
 

Plants with the 35.6 cm target height exceeded the upper limits of the height tracking curve despite 
ōŜƛƴƎ ƪŜǇǘ ŀǘ ŀ ʻ ƻŦ лΦнл Ƴ3ϊm-3 for 70 d after pinching and had a final height of 39.8 cm. The final plant 
heights in the 39.4 and 43.2 cm target height treatments were 41.3 and 43.5 cm respectively, within the 
2.5 cm margin of error of their respective target heights. Relative to control plants, bract area was 
reduced by 53, 47 and 31% in the 35.6, 39.4 and 43.2 cm target height treatments, respectively. Our 
results indicate that the minimum height that can be achieved using WD is approximately 39-40 cm for 
this cultivar, a reduction of 11.5 cm compared to control plants, but WD may also decrease bract size. 
 

3.5 Production research: Irrigation and fertilization 
 

The UGA team conducted a study to measure light interception and quantify its effects on water use of 
four bedding plant species (impatiens, Dianthus chinensis, Petunia ×hybrida and ageratum). Canopy 
percentage light interception (IL%) was measured regularly using a ceptometer (AccuPAR LP-80, Decagon 
Devices). The daily of light interception (ILdaily) for each crop was calculated from canopy IL% and the daily 
light integral (DLI). Daily water use (DWU) was calculated from the number of irrigation events recorded 
by a data logger. Across all the four bedding plants ILdaily (% light interception *DLI) and the interaction 
of ILdaily and vapor pressure deficit (VPD) explained 75% of variation in DWU. However, DWU of petunia 
and impatiens was more strongly correlated with light interception (r2 = 0.83 and 0.87, respectively) 
than that of dianthus and ageratum (r2 = 0.64 and 0.67, respectively). Accurate light interception data 
may be harder to collect in species like ageratum and dianthus (with a more creeping growth habit) than 
in impatiens and petunia (with a more upright habit), thus affecting the correlation between measured 
light interception and water use. To circumvent this issue, we hope to use spectral reflectance, rather 
than light interception as a measure of canopy size in future studies. 
 

Fertilizer leaching has a negative environmental impact as the leached nutrients enter into local 
ecosystems. It can also necessitate additional fertilizer applications, which is costly for growers. More 
efficient irrigation can reduce the leaching of fertilizers, potentially reducing fertilizer requirements 
while benefitting the environment. Our objective was to determine the effect of fertilizer rate and 
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irrigation volume on pore water EC, leachate volume, electrical conductivity (EC), and nutrient 
concentrations, as well as growth of Gardenia jasminoides Heaven Scent®. Treatment combinations 
included fertilizer rates of 100 (40 g/plant), 50 (20 g/plant), and 25% of bag rate (10 g/plant) and 
irrigation volumes  of 66, 100, 132, or 165 mL per irrigation event for a total of 12 treatment 
combinations.  Soil moisture sensor-controlled, automated irrigation was used to irrigate when the 
control treatment (66 mL irrigation treatment, 100% fertilizer treatment) reached a volumetric water 
content of 0.35 m3ϊm-3.  All irrigation events for a replication occurred at this time with the 66, 100, 132, 
and 165 irrigation volume treatments being applied with 2, 3, 4, and 5 minute irrigation intervals.  
 

Fertilizer rate had a greater effect on growth of Gardenia jasminoides Heaven Scent® than irrigation 
volume with the 25% fertilizer rate resulting in significantly lower shoot dry weight (18.7 g/plant) than 
the 50 and 100% rates (25.3, and 27.3 g/plant respectively). Growth index was also higher for the 50% 
and 100% fertilizer rates. Leachate volume varied greatly over the course of the growing season due to 
rainfall.  Irrigation volume effects were the most evident in the 3rd, 8th, and 9th biweekly leachate 
collections, in which there was minimal or no rainfall. For these collections there was less than 130 mL 
of leachate for the 66 mL irrigation treatment with leachate volume increasing by 56%, 58%, and 48% 
from the 66 to 100, 100 to 132, and 132 to 165 mL irrigation treatments, respectively.  
 

Pore water EC, leachate EC, NO3-N quantities, and PO4-P quantities were all highest with the 100% 
fertilizer rate, with the 66 mL irrigation treatment having the highest leachate EC for all fertilizer 
treatments.  Cumulative leachate volume for the 66 and 100 mL irrigation treatments were not affected 
by fertilizer rate while the 132 and 165 mL had greater leaching at the 25% fertilizer rate. Lower 
irrigation volumes resulted in reduced water and nutrient leaching and higher leachate EC. The higher 
leachate EC was the result of higher concentration of fertilizers in less volume of leachate. The results of 
this study suggest that reduced fertilizer rates up to 50% and more efficient irrigation can be used to 
produce salable plants with reduced leaching and thus less environmental impact.  
 

We also conducted a study with several hundrŜŘ wǳŘōŜŎƪƛŀ ΨDƻƭŘǎǘǳǊƳΩ ƻƴ ŀ ǎƛƴƎƭŜ ƎǊŜŜƴƘƻǳǎŜ ōŜƴŎƘΦ 
All plants were irrigated using highly uniform Netafim pressure-compensated drip emitters. An nR5 
control node with five EC-5 soil moisture sensors was used to monitor five of the pots. Pots were kept 
near saturation for the first 16 days (Fig. 22; horizontal arrow) and then allowed to go through three 
gradual dry down cycles (vertical arrows indicate rewatering). Variability among the readings from the 
five soil moisture sensors greatly increased as the substrate water content decreased. This was highly 
repeatable and presumably due to differences in water use among the five different plants. Those 
differences in water use may be due to differences in plant size or micro-environmental gradients along 
the greenhouse bench.  We also have data from many of the other pots used in this study, collected 
with a Campbell Scientific logger, but those data have not yet been analyzed. 
 



31 

 

 

 

 
 

Fig 22.  {ƻƛƭ ±ƻƭǳƳŜǘǊƛŎ ²ŀǘŜǊ /ƻƴǘŜƴǘ ό±²/ύ ŦƻǊ wǳŘōŜŎƪƛŀ ΨDƻƭŘǎǘǳǊƳΦ tƻǘǎ ǿere kept near 
saturation for the first 16 days (horizontal arrow) and then allowed to go through three 
gradual dry down cycles (vertical arrows indicate re-watering).   

 

3.6 On-Farm Work 
 

We have supported the use of wireless sensor networks for irrigation control in three commercial 
nurseries, Evergreen Nursery (Statham, GA), McCorkle Nurseries (Dearing, GA), and Garden Design 
Nursery (Danielsville, GA). Personnel at Evergreen and McCorkle Nurseries has become familiar enough 
with the system to do all day-to-day operations and moves nodes among locations. The production area 
controlled by the sensor network at Evergreen now includes a large new area that is used mainly for 
hellebores. Initial results have been positiveΣ ǿƛǘƘ ǘƘƛǎ ȅŜŀǊΩǎ ŎǊƻǇ ǇŜǊŦƻǊƳƛƴƎ ƳǳŎƘ ōŜtter than last 
ȅŜŀǊΩǎ όōŜŦƻǊŜ ǘƘŜ ǎŜƴǎƻǊ ƴŜǘǿƻǊƪ ǿŀǎ ǳǎŜŘύΦ 
 

In addition to ongoing trials in the nurseries with two of the grower partners in the SCRI-MINDS project 
όaŎ/ƻǊƪƭŜ ŀƴŘ 9ǾŜǊƎǊŜŜƴ bǳǊǎŜǊƛŜǎΤ ǎŜŜ ǎŜŎǘƛƻƴ р ΨhǘƘŜǊ ǇǊƻŘǳŎǘǎΩύΣ ǿŜ ƘŀǾŜ ŀƭǎƻ ǿƻǊƪŜŘ ǿƛth Garden 
Design Nursery (which received a free sensor network for participating in a grower survey) and with two 
new research partners, Transplant Nursery in Lithonia, GA and Davis Floral Greenhouses and Dewy Rose, 
GA. Our work at the latter two operations is funded through specialty crop block grants and has allowed 
is to showcase the wireless sensor networks in two additional operations. We are studying nutrient and 
disease management in these two operations. 
 

3.7 Opportunities for training and professional development 
 

Five students (two MS and three PhD) have been involved in this project at the University of Georgia in 
the last year. These students have been exposed to the latest wireless sensor network technology and 
have been involved in scientific research related to this project. Four of these students had the 
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opportunity to attend the 2014 meeting of the American Society for Horticultural Science in Orlando, FL. 
The students all gave oral presentations about their research, attended many other scientific sessions, 
and networked with horticultural scientists. 
 

Over the course of this 5-year project, three graduate students have received PhD degrees: Jongyun 
YƛƳΣ !ƭŜƳ tŜǘŜǊΣ ŀƴŘ aŀƴŘȅ .ŀȅŜǊΦ [ǳŎŀǎ hΩaŜŀǊŀ ǊŜŎŜƛǾŜŘ ŀ a{ ŘŜƎǊŜŜΣ ǿƘƛƭŜ !ƭŜȄ [ƛǘǾƛƴ ƛǎ ǎŎƘŜŘǳƭed 
to complete his MS in spring 2015. Will Wheeler is scheduled to receive an MS degree in 2016 and he is 
working on a project that is a direct off-shoot of this SCRI project (funded by a specialty crop block 
grant). Rhuanito Soranz Ferrarezi has received training first as a visiting PhD student (on a one year 
scholarship from the Brazilian government) and subsequently as a post-doc. Three undergraduates have 
participated in this project. 

 
3.8  Dissemination of Results to Communities of Interest 

 
Growers: Online Knowledge Center. Matthew Chappell has taken the lead on getting team members to 
ŎƻƴǘǊƛōǳǘŜ ƭŜŀǊƴƛƴƎ ƳƻŘǳƭŜǎ ŦƻǊ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ƪƴƻǿƭŜŘƎŜ /ŜƴǘŜǊ όwww.smart-farms.org) and has 
overseen the peer review process. The ¦D! ǘŜŀƳ Ƙŀǎ ŘŜǾŜƭƻǇŜŘ ǘƘǊŜŜ ƭŜŀǊƴƛƴƎ ƳƻŘǳƭŜǎΥ Ψ²Ƙŀǘ ƛǎ ŀ 
ǎŜƴǎƻǊ ƴŜǘǿƻǊƪΩΣ Ψ!ƭƭ ŀōƻǳǘ ǎŜƴǎƻǊǎΩ ŀƴŘ Ψ²ŜŀǘƘŜǊ ǎǘŀǘƛƻƴǎΩΦ ¢ƘŜǎŜ ƭŜŀǊƴƛƴƎ ƳƻŘǳƭŜǎ ŀǊŜ ǇǳōƭƛŎƭȅ 
ŀǾŀƛƭŀōƭŜΦ ! ŦƻǳǊǘƘ ƳƻŘǳƭŜ ΨLƴǘŜǊǇǊŜǘƛƴƎ ǎŜƴǎƻǊ ŘŀǘŀΩ ƛǎ ŎǳǊǊŜƴǘƭȅ ǳƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘΦ 
  
Growers: presentations and workshops at trade shows, including the Lower Mainland Horticulture 
LƳǇǊƻǾŜƳŜƴǘ !ǎǎƻŎƛŀǘƛƻƴΣ tŀŎƛŦƛŎ !ƎǊƛŎǳƭǘǳǊŜ {ƘƻǿΣ !ōōƻǘǎŦƻǊŘΣ ./Σ /ŀƴŀŘŀΤ /ǳƭǘƛǾŀǘŜ ΩмпΣ ǘƘŜ ƭŀǊƎŜǎǘ 
greenhouse trade show in North America, nursery IPM workshops in Tennessee and North Carolina, and 
an irrigation workshop in Lleida, Spain. Learning modules to help growers learn about system 
installation, capabilities and potential benefits are currently under development and are posted on 
www.smart-farms following peer review. 
 

Training of undergraduate and graduate students in science and engineering. Undergraduate and 
graduate students at the University of Georgia were reached by including outcomes from the MINDS 
project in various courses, including Environmental Physiology (HORT 4440/6440), Environmental Issues 
in Horticulture (HORT 4990/6990), Greenhouse management (HORT 4050/6050), Nursery Management 
όIhw¢ осолύΣ ŀƴŘ ΨaŜŀǎǳǊŜƳŜƴǘ ŀƴŘ /ƻƴǘǊƻƭ ƛƴ tƭŀƴǘ ŀƴŘ {ƻƛƭ {ŎƛŜƴŎŜΩ όIhw¢ умслύΦ Students were 
exposed to this project either by incorporating outcomes into lectures (all the above courses) and by 
given students hands-on experience in building and using soil moisture sensor-based irrigation 
controllers (HORT 4440/6440 and 8160). 
 

The scientific community was reached through presentation at scientific meetings (including the 2014 
Annual Conference of the American Society for Horticultural Science, Orlando, FL and the 2014 Meeting 
of USDA regional project NCERA-млм Ψ/ƻƴǘǊƻƭƭŜŘ 9ƴǾƛǊƻƴƳŜƴǘ ¢ŜŎƘƴƻƭƻƎȅ ŀƴŘ ¦ǎŜΩύ ŀƴŘ ǎŎƛŜƴǘƛŦƛŎ 
publications (in HortScience and Acta Horticulturae) 
 
 
 
 
 
 
 
 
 

http://www.smart-farms.org/
http://www.smart-farms/
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4. University of Maryland 

 
We continued our implementation of sensor-based irrigation control with all our commercial partners in 
year 5.   This included both set-point (Local) control strategies at Flowers by Bauers, Hale and Hines and 
Moon Nurseries and at Waverly Farm.  We continued testing Global control strategies for irrigation 
control of mixed blocks at Raemelton Farm.   
 

We also focused on using the information provided by sensor networks to implement smart irrigation 
decisions from small areas (using indicator species) to larger blocks, and monitoring those larger blocks 
to minimize risk.  We illustrate these approaches in the more detail for each operation (below). 
 

Working with the economic team, we also focused on 
translating savings in water, labor and other inputs into 
dollar values, to gauge returns on investment. 
 
Many of these results were published as open access 
articles in a HortTechnology special series (Fig. 23) which 
can be downloaded from 
http://horttech.ashspublications.org/content/23/6.toc  

 
 

Fig. 23. HortTechnology Special Series 
 
Summary of Results from Commercial Nursery and Greenhouse Operations 
 

4.1 Bauers Greenhouse: Cut-flower Snapdragon Production 
 

In March, 2013, we initiated scale-up studies with the 
objective of characterizing and understanding the 
variability that exists in the tray system snapdragon 
production that Flowers by Bauers had implemented 
(See Year 4 report). 
 

Thirty-two plants (8 plants in 4 rows) are planted in 
ŜŀŎƘ ǘǊŀȅ όмΩȄ нΩ Ȅ пέ ŘŜŜǇύΣ ƻƴ ŜƛǘƘŜǊ ǎƛŘŜ ƻŦ ǘǿƻ 
irrigation tubes that run on top of each tray (Fig. 24).    
 

We scaled up to two production beds with 4 
independently controlled irrigation zones (Fig 25). 
Each production zone had a total of 216 trays for a 
total of 6912 plants per zone. 
 

The production beds were planted with Antirrhinum 
majus L.) cv. Potomac Early White  

 
 

Fig. 24. Single Tray, showing plant and 
drip tap placement at Bauers greenhouse 

http://horttech.ashspublications.org/content/23/6.toc
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Continuous irrigation decisions between 6am and 6pm were made by one nR5-DC per zone connected 
to a latching solenoid for each zone.  An additional EM50R node was also used to assess sensor 
variability within different trays (across the bed). Average substrate volumetric readings were taken 
every minute and averaged over a 15-minute period from eight EC-5 sensors.  These readings were used 
to calculate a running average for the irrigation decision, using the global control function of Sensorweb.  
Badger flow meters (Badger Meters, Inc., Milwaukee, WI) were utilized to measure irrigation volumes to 
each of the 4 irrigation zones, and for fault detection (using the alert feature in Sensorweb). 
 

 
 

Fig. 25. Graphic illustrating the four independent irrigation zones (outlined in red) under nR5-
controlled irrigation scheduling,  in two production beds at Flowers by Bauers greenhouse . 

 

The objectives of this scaling-up were to: 

¶ Ensure that set-point control irrigation is an effective strategy for the commercial production of 
Snapdragon in this tray system (i.e. ensure yields are equivalent or better than previous crops). 

¶ Determine the variability of substrate VWC in each zone, ultimately to reduce the number of 
nodes and sensors required for a good irrigation decision in each production bed. 

¶ To understand if the reduced substrate volume in the trays affected irrigation frequency and 
timing as the crop grew. 

¶ To determine the optimal positioning of sensors within individual trays  
 

Figure 26 illustrates typical automated irrigation decisions for one of nR5-controlled zones.  Set-point 
control was set at 31% VWC (moisture content).  The colored horizontal lines show readings from three 
EC-5 sensors over the day.  Red arrows indicate time and number of irrigations applied during the day, 
depending on plant water use. The purple line shows accumulated irrigation water applied (flow meter 
data).  
 

Results from these scaling experiments indicated that the optimal place (driest point) was in the middle 
of the bench (Bottom-Top position; Fig. 25) due to irrigation system effects.  No significant reductions in 
yield or grade quality were noted for set-point irrigation in two successive crops grown during Fall/ 
Winter (Group 1 / 2) followed by a group 3 crop grown in spring / early summer, 2014. 
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Fig. 26.  Sensorweb graph from illustrating sensor data from one irrigation zone on a 
typical day.  Irrigation events are annotated with red arrows, highlighting time and 
numbers of cyclic irrigations during each scheduled irrigation window (6 minutes 
window every hour between 6am and 4pm;  Sensorweb scheduling tool not shown). 
 

Long-term Economic Study (Also see the Economic Team report; Pages 54-55) 
 

Six years of data were analyzed by the Economic team from Flowers by Bauers.  Production and sales 
records were used to estimate the effects of wireless sensor networks on the yield and quality of 
Snapdragon quality (Fig. 27; Table 2).  A statistical analysis of these data showed that wireless sensor 
networks accelerated production time and increased yields.  One additional crop was harvested 
annually, while yields increased from 5% to 80%, depending on cultivar (Lichtenberg et al., Irr.. Science; 
In review).  

  
 

Fig. 27.  Impact of using sensors on total Snapdragon stems produced, by cultivar group  
(season) for Flowers by Bauers from 2007 ς 2009 (pre-sensor) and 2010-2012 (post-sensor). 
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Statistical analysis of the combined sales and production data showed that wireless sensor networks 
increased quality (shares of grade 1 and 2 snapdragons at the expense of grade 3 stems) and thus 
increased the average price received for most cultivars (data not shown).  Increases in yield and grade 
(quality) resulted in higher profits after sensors were used (Lichtenberg et al., Irr. Science; In review).   

 
Table 2.  Impact of using sensors on  annual crop yield, resource and labor costs from 2007 ς 2009 
(pre-sensor) and 2010-2012 (post-sensor) on total revenue and profit for Flowers by Bauers.   

  

 
 

 

4.2 Moon Nursery: Container-Nursery Pathogen Management 

Precise irrigation management is not only important in saving water and other resources but also has an 
overall positive impact on plant health. In container production systems, where the rooting volume is 
limited, supplying the plants with the right amount of water is critical. Growers and irrigation managers 
almost always err on the side of caution and typically apply excess water when irrigating container 
plants. This excess water is lost immediately, leaching nutrients with it, and the container dries out 
depending how fast water is consumed by the plant and the evaporation rate. In addition to the losses 
of water and nutrients, the rapid wetting and drying cycles can stress plants and may create a favorable 
condition for plant pathogens 
 

A study was started in February 2013 at Moon Nursery, MD, which tested the effect of sensor-controlled 
(nR5 set-point) irrigation in a pathogen management study.  Detail of the objectives, treatments and 
experimental layout were provided in the year 4 report (see http://smart -farms.net/impacts).  
 

The specific objectives of the experiment are to: 

¶ To test three different irrigation treatments and their impact on pathogen development and 
survival in two Rhododendron species (R. catawbiense and R. chenoides) grown in 2-gal containers. 

¶ To determine the effect of the irrigation treatments on pathogen survival, as well as plant growth 
and development. 
 

http://smart-farms.net/impacts
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Treatments: 
 

The experiment was laid out 
in a split plot design and had 
three irrigation treatments: 
a wet irrigation treatment 
(Treatment A), nR5 
controlled irrigation 
treatment where irrigation 
decisions are based on a 
47% substrate moisture 
content set-point 
(Treatments B and C), and a 
wet and dry alternating cycle 
treatment (Treatment D).   
 

Treatment C included an 
alternative food waste 
substrate that had a higher 
bulk density (reduced 
aeration) and was irrigated 
using the same set-point 
irrigation schedule as in 
Treatment B (Fig. 28) 
 

 
 
Fig 28.  Irrigation / pathogen management experimental layout at 
Moon Nursery 

Half of the plants of each species in each treatment were inoculated twice (late June, early September) 
with Phytophtora cinnamomi (see year 4 report). 
 

 
Irrigation events were 
scheduled using 
Sensorweb, using the 
micro-pulse tool (see 
Year 4 report for 
details). 
 
Fig. 29. Illustrates 
Sensorweb data for 
the control treatment 
(A; cyclic, time-based 
scheduling), set to 
deliver one 20-sec 
irrigation pulse, six 
times a day in 
summer. 
  

Fig. 29. Graphical display of substrate moisture (horizontal lines), 
irrigation frequency and flow meter (water application amounts) for the 
control treatment (A).  
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Figure 30 illustrates 
irrigation frequencies 
for the 47% VWC set-
point treatment (B). 
 
Weekly irrigation water 
applications were 
significantly reduced by 
irrigation at a 47% VWC 
set-point (only slightly 
below container 
capacity). 
   

 
 

Fig. 30. Graphical display of substrate moisture, irrigation frequency and 
flow meter (water volume) for the 47% VWC set-point treatment (B)   

Results:   
 

Fig. 31. tabulates irrigation 
water application totals for 
each treatment from June to 
November, 2013.   
 

Treatment C applications in 
June are highlighted since the 
food waste substrate 
required additional irrigation 
to reduce the total salt (EC) 
concentration to acceptable 
levels for plant growth.  Note 
that irrigation volumes 
decrease significantly after 
September for set-point 
controlled treatments.  

 

Fig. 31. Water use, by treatment from June ς November 2013 
 
Substrate cultures from November 2013 showed that some P. cinnamomi inoculum was present in many 
inoculated sample pots;  however only one infected plant was isolated from the November harvest 
plants (n=48). 
 

Table 3 shows new leaf area data from plants harvested in November.  New leaf area is a sensitive 
indicator of water stress. Although the comparisons between treatments were non-significant, most 
likely due to low numbers of replicate plants harvested (n=3), the data indicated that new leaf area was 
larger in the set-point treatment compared to all other treatments.  Inoculated plant leaf areas were 
lower, especially for R. catawbiense, for all treatments.   
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Both species did not grow well in the food waste substrate most likely due to the lower air-filled 
porosity of this media.   It appears that the growth rates of both species were affected by pathogen 
inoculation long before visible Phytophthora symptoms are expressed.  
 

Table 3. New leaf area for each treatment in November 2013. 
 

 
 

Due to the hard winter in 2013/14, many plants in this experiment were killed or severely damaged, as 
the house was not covered.  The experiment was therefore terminated and has been repeated in 2014 
with new plants, with the exception of the food waster substrate.  A lower set-point treatment (VWC = 
35%) was included in the 2014 study.  Inoculations of half of the plants were done in June, July and 
August, 2014. Preliminary plant harvest and water use data from this repeat experiment are currently 
being analyzed. 
 
 

4.3 Hale and Hines Nursery:  Pot-in-Pot Nursery Production 

 

In 2013, we installed a sensor 
control block at Hale and 
Hines nursery in March 2013, 
to enable us to help gain 
further insight into the 
varying water use of their 
diverse inventory of tree 
species. (Fig. 32).   
 

This control block consists of 
4 rows of 15-gal containers 
and four rows of 30-gal 
containers, each with 10 trees 
per row (80 trees in total).    

 
 

Fig. 32. Sensor control block at Hale and Hines nursery. 
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A complete description of the control block layout was provided in the year 4 report. Figure 33 shows 
detail of the layout, flow meters and solenoids at the head of each row of ten trees in the block. 
 

 
 

Fig. 33. Sensor control block at Hale and Hines nursery showing detail of flow 
meter and latching solenoids connected to the nR5 control nodes.  Underlying 
graphic shows 15 Gal and 30 Gal arrangement of rows (n=10 trees per row) 

 

Species studied during year 4 included Betula nigra (River Birch) and Lagerstroemia indica (Crepe 
Myrtle) in 15-gal containers; Quercus rubra (Red Oak) and Carpinus caroliniana (Hornbeam).  These 
species were specifically chosen by Terry Hines, as indicator species for different Irrigation Functional 
Groups (Water Use Class; Table 4).  Dogwood and Red Maple comparisons were continued in previously 
described blocks (see Year 3 and 4 reports). Note that water use classes do not match irrigation volumes 
applied either by Terry Hines (monitored blocks) nor those applied during the year by sensor-controlled 
blocks. 
 

Table 4.  Total water use and percent water saved for 6 tree species measured 
between monitoring vs. control treatments in 2013.  
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In year 5 (March 2014), the control block was reconfigured to accommodate 8 indicator species. All eight 
rows were used for sensor-based (nR5-node) control.  The data from this block was then used to inform 
irrigation scheduling decisions for those species in production blocks in the entire nursery (Fig. 34).  
 

 
 

Fig 34. Production blocks under sensor-based control at Hale and Hines nursery in year 5 
(totaling 38.4 acres). Block 1 = Intensively sensed control block; Blocks 2-9 were 
monitored with a single node at the end of a lateral (one flow meter plus 4 10-HS sensors) 

 

Figure 35 illustrates the strategic plan for integrating the control block strategy with the existing TUCOR 

irrigation system at Hale and Hines.  Sensorweb will act as an interface between the Decagon control 
nodes.  Discussions between TUCOR and Mayim, LLC have already taken place, and plans are in place to 
complete this integration in the near future. 
 

 
 

Fig. 35.  Strategic plan for integrating the control block with the TUCOR irrigation 
control system already in place at Hale and Hines. 
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Economic benefits and return on investment 
 

Data on water use and irrigation management costs with and without a sensor network were used to 
estimate profitability in the Hale and Hines pot-in-pot container tree nursery (Belayneh et al. 2013).   
The sensor network reduced both irrigation water application and irrigation management time by at 
least half.  Even though water costs consist only of the cost of pumping water from a nearby river, 
investment in the wireless sensor network yielded a relatively high rate of return.   
 

A price sensitivity analysis (Table 5) indicated that sensor networks would be even more profitable in 
areas where water is scarce and costly (e.g., California), reducing a 2.7 year payback period to less than 
4 months, based on the total cost of the network ($45,000) amortized over three years.  Annual net 
savings from this network based on $3 per 1000 gal if water was estimated to be over $138,000 
(Belayneh et al. 2013).    
 

Table 5.  Cost and benefits of the sensor network at Hale and Hines (from Belayneh et al., 2013). 
 

 
 

 

4.4 Raemelton Farm:  Field Tree Production 
 

During years 3 through 5, we installed nR5-DC nodes in soil (field) environments to test Sensorweb 
functionality and conduct monitoring (grower-scheduled) vs. sensor-controlled irrigation in various 
production blocks.  This included a 1-year-old transplant (Red Maple) block, and 3-year-old maple and 
dogwood blocks.  During these years, we quantifies water use and tree growth (trunk diameter) over 
time (Figs. 36, 37 and 38, below). 
 

In year 4 and continuing in year 5, we scaled up from controlling single rows to entire (mixed) blocks 
with 35-45 rows of trees per block.  We implemented global set-point control on these blocks by 
monitoring at least 3 species with EM50R nodes, controlling irrigation schedules according to the water 
needs of the highest priority (most profitable) species ς in this case  Ginko biloba.  A single nR5-DC node 
controlled an existing 2-inch irrigation valve with a latching solenoid. Water applications were 
ƳƻƴƛǘƻǊŜŘ ǿƛǘƘ мέ ōŀŘƎŜǊ Ŧƭƻǿ ƳŜǘŜǊǎ ƻƴ ŜŀŎƘ Ƴonitored row (with and EM50R and four 10-HS sensors 
ŀǘ сέ ŘŜǇǘƘ ƛƴ ŦƻǳǊ ǘǊŜŜǎ ƛƴ ǘƘŜ ǊƻǿΦ  
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Fig. 36 shows mean trunk 
diameters for Acer rubrum 
trees from transplanting in 
May 2012 through Sept., 
2014, comparing sensor-
based control (Maple 
Control) vs. grower-
scheduled (Maple 
Monitoring) irrigation.  The 
trunk diameters of sensor-
based irrigation trees were 
significantly larger from 
year 2 onwards.  

 

Fig. 36.  Mean trunk diameter (n=29) of 1-3 year-old Acer rubrum trees      
from May 2012 through Sept. 2014.  Standard errors shown as horizontal bars 

 

When sensor-controlled 
irrigation was imposed later 
in production (years 3-5), 
differences were not 
significant (Fig. 37), 
presumably because root 
systems were able to 
exploit rainfall as well as 
irrigation.  Nevertheless, 
irrigation volumes applied 
to the control row of trees 
were on average 40% less 
than applied by the grower.  

 

Fig. 37.  Mean trunk diameter (n=28) of 3-5 year-old Acer rubrum treesfrom 
May 2012 through Sept. 2014.  Standard errors shown as horizontal bars 

 

In the case of Dogwood 
however, sensor-controlled 
irrigation did show a small 
increase in trunk diameter 
for mature (3-5 year-old) 
trees in year 2 (Fig. 38, at 
right). 
 
In all cases, sensor-based 
irrigation control showed  
no reduction in tree caliper, 
while considerably reducing 
water applications.  

 

Fig. 38.  Mean trunk diameter (n=34) of 3-5 year-old Cornus florida trees   
from May 2012 through Sept. 2014.  Standard errors shown as horizontal bars 
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4.5 Waverley Farm:  Field Shrub and Tree Production 
 

In year 5, we continued the  study initiated in 2013 (see Year 4 report), comparing nR5-contgrolled 
sensor irrigation compared to grower-controlled irrigations with one slow-growing tree species ς 
dogwood (Cornus florida) and one fast-growing shrub species ς lilac (Syringa prestoniae). One row of 
plants from both species was irrigated by nR5-DC nodes based on volumetric soil moisture readings 
from four 10HS sensors inserted into the root ball of four individual trees. A second row of trees from 
each species was irrigated by the grower following the normal irrigation practice followed in the 
nursery.  Irrigation water applications to each row were measured with badger flow meters. Regular 
growth measurements were made on all trees in each row in order to see growth differences arising due 
to the irrigation systems. 

 

 

Fig. 39 (at left) shows the lilac 
block one year after planting. 
The left row of plants was 
irrigated by the grower drip-
irrigating the plants for a 24-hr 
event weekly in the absence of 
a good rain, equivalent to  
about one acre inch. The row 
on the right was irrigated 
automatically based on a 25% 
soil moisture volumetric water 
content, whenever necessary. 

 

 

 
 

Fig 40a. Box with flow meter at 
head of grower-scheduled row.  

 

 
 

Fig 40b. Box with flow meter 
and solenoid at head of sensor-
scheduled row. 

Fig. 40a, b.  Each row of plants 
above has a flow meter as seen 
within the boxes. The right 
hand (sensor-controlled 
irrigation) row (Fig. 40b) also 
has a solenoid valve that is 
opened and closed by the nR5 
node located half way up the 
row. 

 
The growerΩǎ irrigation schedule applied 10,800 gallons of water from May 2013 through Sept. 2014, 
whereas the sensor-controlled irrigation applied 3,050 gallons, a reduction of 72% water applied to this 
block of lilac, with a significant increase in canopy volume (quality).  The control block row is expected to 
be saleable by spring, 2015 at least six months ahead of the grower-scheduled irrigated row.   
 

Waverley nursery installed flow meters on all pumps in 2011.  Previous estimates of water use for the farm 
were 24,000,000 gallon per year. From adjustments to irrigation based on sensor-based irrigation, total 
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water use was 12,000,000 gallons in 2012 and 9,000,000 gallons in 2013.    Further increases in efficiency 
are expected from the 40 acres (20% of total acreage) of newly transplanted blocks in 2013 and 2014.  Jerry 
Faulring (the owner) estimates that he will be able to double the life expectancy of his pumps from an 
average of 7-8 years to possibly 14 years, a reduction in electricity consumption, maintenance and 
reduced labor.  
 
 

4.6 Scaling up Green Roof Research 

Green roofs are typically designed according to civil engineering standards, determined by curve 
numbers for predicting storm water runoff from a specific rainfall event, in inches per hour (Maryland 
Department of Environment, 2009).  However, these runoff estimates are known to be inaccurate for 
green roofs, since they fail to take into account the many site-specific variables that determine green 
roof efficiency, as a combination of physical (aggregate layer depth, organic matter content) and 
biological components (e.g. plant type, coverage, age and health).   Data have been collected over the 
past 10-15 years of runoff from various green roof installations throughout the US (and world), but 
estimates of efficiency still vary widely, since runoff is dependent on specific roof designs as well as 
antecedent moisture conditions on the roof.   
 

Starry (2013) developed a relatively simple water-balance model (Fig. 41) that gathers the data from 
wireless sensor networks to predict stormwater runoff from roofs with varying design elements (SCRI-
MINDS year 4 report).  This model integrates daily environmental conditions with substrate moisture 
content and crop coefficient (Kc), that uses the FAO56 Penman-monteith ET model to predict 
stormwater runoff from green roofs.  This model was verified by using small-scale platform data as part 
of her PhD thesis (Starry, 2013; Fig. 42).   

  

 
 

Fig. 41.  A green roof water balance model, integrating daily environmental conditions from an on-
site weather station, substrate moisture content and crop coefficient data, that uses the FAO56 
Penman-monteith ET model to predict stormwater runoff from green roofs ( from Starry, 2013). 
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We now have a relatively 
robust and cost-effective 
means to monitor the 
performance of green 
roofs using wireless sensor 
systems, to quantify the 
efficiency of those green 
roofs to building managers 
and municipalities over 
weeks, months or years.  
 
These monitoring 
capabilities and model 
predictions will help 
improve our 
understanding of the 
underlying mechanisms 
that are responsible for 
green roof storm water 
retention efficiency. 
 

 
 

Fig 42. Verification of Starry (2013) green roof water balance model, 
illustrating predicted vs. actual runoff data from four 1m2 small-scale 
platforms planted with Sedum kamtschaticum in 2012. 

As part of our scaling activities in year 5, we had the opportunity to partner with a National Renewable 
energy project at NASA-Johnson Space Center in Houston, TX., where a five-node EM50G sensor 
network was installed (Figs. 41 and 42) to inform building managers of (a) the average substrate 
moisture status (for manual irrigation management), as well as to provide some preliminary data for 
stormwater runoff prediction.   Fig. 41. Illustrates how data from the EM50G nodes is transmitted via a 
3G cellular modem in each node to a cloud server, located in Washington State. 
 

 
 

Fig. 41.  Graphic of the green roof EM50G monitoring network installed on Building 12  at NASA-
Johnson Space Center in Houston, TX   
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The EM50G network on 
Building 12 at NASA-Johnson 
Space center consists of one 
node that collects 
environmental data (total 
radiation, PAR radiation, 
rainfall, wind speed and 
direction; Air temperature, 
relative humidity and vapor 
pressure deficit) on a five-
minute basis.  Four other 
nodes collect substrate 
moisture and temperature 
data every 15 minutes from 
Eco-TM sensors in the grid 
pattern as shown in the insert 
(Fig. 42). 

 

 
 

Fig. 42. Schematic of the green roof showing the EM50G sensor 
positions on Building 12 at NASA-Johnson Space Center in Houston, 
TX   

 
The 5- and 15-minute data 
from the EM50G nodes is 
transmitted to the cloud 
server every 6 hours to the 
cloud server in WA.  From 
there, the data is downloaded 
into Sensorweb on a computer 
in College Park, MD.   
 

The data is then readily 
available for analysis from  the 
dedicated project website at 
(http://greenroofsensing.net) 
to anyone who has password 
privileges.   
 

We can therefore now cost-
effectively provide remote 
data collection services from 
remote green roofs anywhere 
in the world that has 3G 
network access. 

 

 
 

Fig. 43.  Sensorweb homepage for the EM50G sensor network 
NASA-Johnson Space Center in Houston, TX 

 

 

http://greenroofsensing.net/
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Fig 44.  A Sensorweb screenshot of data from an EM50G node, 
showing rainfall and soil moisture dynamics 

Fig. 44 illustrates the type of 
data that can be collected from 
these green roof networks.  Fig 
44. Shows soil volumetric water 
content (horizontal colored 
lines), together with rainfall 
(vertical blue bars).  Increases 
in soil moisture without rainfall 
are due to daily irrigation 
events. 
 

An immediate outcome of the 
monitoring of this green roof 
was a reduction in daily 
irrigation frequency from 1-2 
times per day to once every 
other day on average.  This also 
improved the overall health of 
the sedum green roof. 

 

Green roofs are being installed in urban areas for a variety of reasons ς but one of the primary reasons is 
that they have a demonstrated record of reducing stormwater runoff from impervious (hard) surfaces 
and are used to mitigate stormwater runoff (see below).  The District of Columbia Water and Sewer 
Authority bills residential, commercial and government customers on a monthly basis.  The DC Water 
Authority charges for water, sewer, customer metering and impervious area (see CRIAC fees, below).   
Water and sewer charges are billed volumetrically, that is, they are based on how much water a 
household or business consumes (http://www.dcwater.com/customercare/rates.cfm#currentrates).   
 
 

The Clean Rivers Impervious Area 
Charge (CRIAC) is a sewer fee that 
takes into account the area on a 
property that is made of 
impermeable surface, which 
contributes to runoff and 
combined sewer overflows.  
 
The CRIAC generates funds to 
cover the cost of the Clean Rivers 
Project (also referred to as the 
Combined Sewer Overflow Long 
Term Control Plan, a $2.6 billion 
capital project mandated by the 
federal government.  

 

 
 

Fig 46. Washington DC Combined Sewer Outlet District 
(http://www.dcwater.com/cleanrivers)  

http://www.dcwater.com/customercare/rates.cfm#currentrates
http://www.dcwater.com/workzones/projects/cleanrivers.cfm
http://www.dcwater.com/workzones/projects/cleanrivers.cfm
http://www.dcwater.com/workzones/projects/longtermcontrolplan.cfm
http://www.dcwater.com/workzones/projects/longtermcontrolplan.cfm
http://www.dcwater.com/cleanrivers
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In year 5, we also partnered with Furbish Company (Baltimore, MD) to install an EM50G sensor network 
to monitor a private green roof on Potomac Plaza Apartment complex in Foggy Bottom, Washington, 
DC.  By monitoring the performance of this green roof, Furbish is not only using the data to schedule 
maintenance (manual irrigation events) but also wishes to calculate the long-term stormwater reduction 
efficiency of this green roof, to understand how this could benefit their applications for rebates and 
other CSO stormwater reduction incentives. 
 

 
 

Fig 47.  Green roof sensor network installed at Potomac Plaza, Washington, DC.  
 

 

 

4.7 Estimating Crop Water Use in the Dulcepamba watershed in Ecuador 
 

In Fall, 2013 we were approached by a Fulbright Scholar, Ms. Rachel Conrad based in Ecuador to assist 
her with a project in the Dulcepamba watershed in southern Ecuador.  A multinational company, 
Hidrotambo S.A., has acquired a 50-year concession for 90% of the flow from most of the rivers in this 
watershed for the next 50 years, for a 8MW hydroelectric project situated at the base of this watershed 
(Fig 48).  Farmers have already been prevented from diverting water for daily use, for their livestock, 
and for irrigation of crops, posing a threat to their livelihood from farming many water-dependent (high-
value) crops. 
 
Rachel Conrad is working with the farming communities in this watershed.  In order to convince 
Government authorities to return water rights to local farmers, their water needs must be quantified, 
both in terms of supply (from rainfall) as well as demand (by crops, based on acreage and irrigation 
ƴŜŜŘύΦ   ²ƛǘƘ ǘƘƛǎ ƛƴ ƳƛƴŘ wŀŎƘŜƭ /ƻƴǊŀŘΩǎ ǇǊƻƧŜŎǘ ŀƛƳǎ to quantify the current total volume of available 
water in the Dulcepamba watershed, and the amount of water required for irrigation of crops in excess 
of normal rainfall. With verified data for  their water needs, farmers might be able to re-establish their 
water rights through concession from the Ecuadorian government. 

http://potomacplaza.org/going-green/
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Fig. 48.  Location of 
the Dulcepamba 
watershed in south 
central Ecuador.   
 

The topographic 
image shows the 
river valleys in the 
watershed. The 
Hidrotambo hydro-
electric project is 
situated at the base 
of this watershed. 

 
 
An interdisciplinary team of faculty and students was formed in Fall, 2013 and through a Seed grant 
from the Future for information Alliance at the University of Maryland, travelled to Ecuador in 
January, 2014 to assess the water needs of the 72 farming communities in the watershed  
 

Four EM50G weather stations were strategically installed in four geographically distinct regions of 
the watershed, based on community input and support (Fig.49).  These weather stations are 
instrumental in gathering local environmental data, to estimate the daily water use of crops using 
the FAO 56 Penman-monteith equation in microclimates across this watershed.  Similar to the 
methodology described in the green roof section, 15-minute average environmental data from these 
EM50G nodes (Fig. 50; using local provider SIM cards) was streamed to the cloud server every six 
hours, and downloaded by a local computer running Sensorweb in College Park, MD.   
 

 
 

Fig. 49.  Graphic illustrating the approximate locations of the four EM50G weather stations 
in the Dulcepamba watershed and how data are streamed via #G cellular networks to the 
cloud and downloaded into Sensorweb on a computer in College Park, MD. 

http://www.youtube.com/watch?v=4ctqsbKjP44&feature=youtu.be
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Fig. 50.  An EM50G 
weather node installed 
in the Dulcepamba 
watershed, illustrating 
the environmental 
sensors attached to the 
node. 

  

 
The specific objectives of this work were to: 
  

¶ Determine daily water needs of major crops in the watershed based on real-time weather data using 
internationally accepted crop modeling methods for computing crop water requirements 

¶ Determine the total acreage of major crops in the watershed through the creation and analysis of 
land use and major irrigated crop maps (by creation of a GIS database) 

¶ Integrate information from crop type maps with crop water use models in order to estimate the 
total amount of water required to grow crops in the watershed. 

¶ Disseminate weekly crop water use, rainfall/precipitation and required irrigation data to residents of 
the watershed through an easy-to-understand website. 

¶ Inform the community members of their constitutional rights concerning irrigation water 
concessions. 
 

During a follow-up 
capstone class during 
spring, 2014, the University 
of Maryland team then 
integrated GIS crop maps 
with crop water use models 
to estimate crop water 
demand of the entire 
watershed.  The crop water 
use models were integrated 
into Sensorweb, to inform a 
summary website (Fig. 51) 
that was developed to 
communicate the crop 
water use and irrigation 
needs of crops back to the 
community (Figs. 52; 53). 
  

 
 

Fig. 51.  The bilingual community website (http://dulcepambaagua.net) 
illustrating the  propose of the website, the locations of the weather 
stations and access to the summary data. 

 

http://dulcepambaagua.net/
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The http://dulcepambaagua.net website is built to disseminate weekly crop water use, precipitation and 
irrigation needs to residents of the watershed (Fig. 52).  More importantly, the data from each of the 
crops from each specific region will be aggregated over the year to provide total water use for the entire 
watershed, based on the total irrigated crop acreage. 

 

Fig. 52.  Explanation of 
the water use tables 
on the website  

 
 

 

Fig. 53.  Crop water 
use tables for the 
Sanabanan region on 
the website for the 
week 3 - 9 Nov, 2014.  
 

Green numbers 
indicate water in 
excess of crop water 
needs.  Red numbers 
from the previous 
week indicate the 
irrigation water 
needed for each 
crop (in Liters / m2) 

 
 

 

Continuing project objectives are to provide baseline data for future analysis of the economic impact of 
the hydroelectric project on crop production; determine average volumetric flow rates of major 
tributaries in the Dulcepamba watershed during both the wet and dry seasons and estimate the total 
volume of surface water available in the watershed throughout the year by utilizing the United States 
DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅΩǎ ƳŜŎƘŀƴƛŎŀƭ ŎǳǊǊŜƴǘ-meter method.   
 

With a better understanding of irrigation water needs and water availability information, farmers will 
have the concrete data necessary to collectively apply for water rights in the face of the hydroelectric 
ǇǊƻƧŜŎǘΩǎ ŎƻƴŎŜǎǎƛƻƴΦ 

http://dulcepambaagua.net/
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4.8 People involved at University of Maryland 

In addition to four faculty members at UMD (Drs. Lea-Cox, Ristvey, Cohan and Lichtenberg), we have 
been ably assisted by Mr. Bruk Belayneh (Research Technician) and Ms. Ruth Miller (Administrative / 
Financial Assistant). Drs. Cohan, Ristvey and Lea-Cox are the leads on the green roof research with Mr. 
Patrick Beach (IT guru in the Plant Science Department) has provided continuous support on Connect 
webconferencing, Traction and server maintenance for the project.    
  

There is currently one Postdoctoral Research Associate (Dr. John Majsztrik), two PhD students (Olyssa 
Starry and Whitney Gaches) and two MS students (Clark de Long and Elizabeth Barton) being supported 
by this project.  John Majsztrik has led the national survey effort and the economic analysis of Flowers 
by Bauers and Hale and Hines data with the Economic team of Drs. Erik Lichtenburg and Dennis King.   
 

Additionally, three undergraduate students (James Zazanis, Zach Beichler and Ian Reichardt) are student 
research interns working on the project. Dr. Lea-Cox and Bruk Belayneh support all research at Bauers 
greenhouse, Hale and Hines nursery, Raemelton and Waverly farms together with assistance from James 
Zazanis and Zach Beichler. Ian Reichardt developed the web interface for the Ecuador project. Kenneth 
Hunsley is working on a web-based interface with Sensorweb for green roof applications.  
 

4.9 Dissemination of Results to Communities of Interest 
 

Growers: Online Knowledge Center. John Lea-Cox assisted the UGA team to get all project members to 
ŎƻƴǘǊƛōǳǘŜ ƭŜŀǊƴƛƴƎ ƳƻŘǳƭŜǎ ŦƻǊ ǘƘŜ ǇǊƻƧŜŎǘΩǎ ƪƴƻǿƭŜŘƎŜ /ŜƴǘŜǊ όwww.smart-farms.org) and has 
contributed to the peer review process as senior Editor. The UMD (including the economic) team has 
developed ten learning modules.  
  
Growers: Presentations and workshops at trade shows, including Chesapeake Green (Maryland),  
/ǳƭǘƛǾŀǘŜ Ωмп όhƘƛƻύ - the largest greenhouse trade show in North America and The Seeley Summit in 
Chicago, IL.    
 

Training of undergraduate and graduate students in science and engineering. Twenty-one 
undergraduate students at the University of Maryland were reached by including sensor-based 
experiential projects in HORT432: Greenhouse Management, taught during spring 2014 by Dr. Lea-Cox 
and assisted by James Zazanis. 
 

A group of five interdisciplinary undergraduate students from environmental science and policy, economics, 
sustainability studies, plant sciences, environmental and international engineering, Spanish, communications, and 
international development were involved in the Ecuador Dulcepamba watershed Assessment study through two 
courses led by Dr. Lea-Cox.  A brief report can be accessed from the UM-Division of Research.  A full team report 
can be requested by emailing John Lea-Cox. 

  
 

The scientific community was reached through presentation at scientific meetings (including the 2014 
Annual Conference of the American Society for Horticultural Science, Orlando, FL and the 2014 Meeting 
of USDA regional project NCERA-млм Ψ/ƻƴǘǊƻƭƭŜŘ 9ƴǾƛǊƻƴƳŜƴǘ ¢ŜŎƘƴƻƭƻƎȅ ŀƴŘ ¦ǎŜΩύ ŀƴŘ ǎŎƛŜƴǘƛŦƛŎ 
publications in various journals including HortScience and Acta Horticulturae.   A number of webinars 
were also recorded at the ASHS meetings and are publically available ftough the ASHS website at 
http://ashs.org  
 
 
 

http://www.smart-farms.org/
http://research.umd.edu/news/news_story.php?id=8322
http://ashs.org/
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C. Economic and Environmental Benefits - University of Maryland (UM) and UM Center for 
Environmental Studies (UMCES) 

 

The overall objectives of the SCRI-MINDS project economic team was to quantify the private and public 
benefits of wireless sensor networks in field, container, and greenhouse ornamental production, and 
monitoring of green roof systems.  Information from sensor networks is valuable when (1) it allows 
growers to make better decisions and (2) the increase in value from better decisions exceeds the cost of 
acquiring and processing the information.  During year 5 of the project, the economics team was able to 
demonstrate and quantify the potential profitability, environmental benefits, and adoption rates of 
wireless sensor networks in a variety of contexts. 
 

1. Profitability Analysis of Wireless Sensor Networks: 
 

During year 5 of the project, the economic team finalized methods for estimating potential benefits of 
sensor networks, including input reductions, growth acceleration (reduced time to harvest), improved 
plant health, lower disease losses and enhanced appearance.  Those methods were then applied in 
several case studies using a combination of experimental data and operational information from 
growers involved in the project. 
 

1. Gardenia Production in Georgia.  Data on production practices and costs with and without a sensor 
network were obtained from experiments conducted at McCorkle Nurseries.  The use of sensors 
increased profit substantially, mainly due to reduction in the time from planting to sale.  Reductions 
in disease mortality and disease treatment costs were also substantial sources of increased 
profitability.  Results of this analysis were reported in a paper published in HortTechnology 
(Lichtenberg et al. 2013). 
 

2. Pot-in-Pot Tree Production in Tennessee.  Data on water use and irrigation management costs with 
and without a sensor network were used to estimate profitability in pot-in-pot container production 
at Hale and Hines nursery.  The sensor network reduced both irrigation water application and 
irrigation management time by at least half.  Even though water costs consist only of the cost of 
pumping water from a nearby river, investment in the wireless sensor network yielded a high rate of 
return.  Sensitivity analysis indicated that sensor networks would be even more profitable in areas 
where water is scarce and costly (e.g., California).  Results of this analysis were reported in a paper 
published in HortTechnology (Belayneh et al. 2013). 

 

3. Snapdragon Production in Maryland.  Data from production and sales records from our greenhouse 
snapdragon partner were used to estimate the effects of wireless sensor networks on yield and 
quality.  Statistical analysis of the production data showed that wireless sensor networks 
accelerated production time and increased yields.  One additional crop was harvested annually, 
while yields increased from 5% to 80%, depending on cultivar.  Statistical analysis of the combined 
sales and production data showed that wireless sensor networks increased quality (shares of grade 
1 and 2 snapdragons at the expense of grade 3 stems) and thus increased the average price received 
for most cultivars.  Increases in yield and improvements in quality resulted in a high rate of return 
on investment.  A paper reporting these results has been submitted to the journal Irrigation Science. 

 

2. Adoption Prospects of Wireless Sensor Networks 
 

The economic team developed a national ornamental grower survey to better understand current 
perceptions of sensor-based irrigation technology.  Data were collected from January 2012 to March 
2013.  A total of 268 useable responses were analyzed. These data have been used in two studies: 
 

1. Grower perceptions of wireless sensor technology.  Growers were asked about their positive and 
negative perceptions of these systems, to assess current receptivity of this technology.  Grower 
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perceptions were overwhelmingly positive, with the majority of respondents agreeing that wireless 
sensor systems would provide a number of benefits including; increased irrigation efficiency, 
reduced product loss, reduced irrigation management costs, reduced disease prevalence, and 
reduced monitoring costs.  System cost and reliability were major concerns.  Grower perceptions of 
irrigation sensor networks varied across size and type of operation as well as geographically and by 
the type of water source used.  Results of this analysis were reported in a paper published in 
HortTechnology (Majsztrik et al. 2013b). 
 

2. Grower willingness to pay for wireless sensor technology.  Growers were asked about their 
willingness to purchase (a) a base system and (b) additional nodes in order to assess likely initial 
adoption, potential speed of diffusion, and likely ceiling adoption of wireless sensor networks.  A 
standard dichotomous choice format was used: They were asked whether they would purchase a 
base system at a given price.  Then they were asked how many additional nodes they would 
purchase at a given price assuming they had already purchased a base system.  Close to 20% of 
growers would purchase a base system at the expected initial market price, while roughly 30% 
would not purchase a base system at any price.  Growers who purchased a base system were 
estimated to be willing to purchase an additional 3 nodes at the expected initial market price.  
Sensitivity analysis was used to estimate the response of initial adoption to changes in base system 
cost, perceptions about wireless sensor system advantages and disadvantages, and prices of 
additional nodes (Lichtenberg et al., 2014). 

 
3. Calculating Public Benefits 
 

Using data collected from a national grower survey that we developed, and additional national datasets, 
public benefits of sensor networks were estimated based on various assumed adoption rates.  The 
higher return on investment and short payback periods the project has demonstrated suggest that the 
adoption rate of this type of technology is likely to increase over time.  Environmental benefits were 
projected under a variety of scenarios for ornamental growers.  For example, a conservative estimate of 
50% industry adoption, with a 50% water savings would have the following impacts: enough water 
reduction to supply 400,000 households a year, reduced energy usage equivalent to removing 7,500 cars 
annually, and savings of 282,000 kg of nitrogen and 182,000 kg of phosphorus from entering the 
environment. Results of this analysis were reported in a paper published in Majsztrik et al. (2013a).   
Additionally, potential public benefits associated with use of sensor networks in several urban storm 
water best management practices were examined. The use of sensor networks in the design and 
implementation of green roofs, rain gardens and tree trenches have the potential to improve the 
success rate of these BMPs, increase their adoption rate, and improve verification for BMP credits. 

 
4. Engaging Growers and the Industry on Benefits and Limitations of Sensor Networks 
 

The economics team contributed three learning modules to the smart farms knowledge center 
www.smart-farms.org; See Section D).  These modules are meant to help owners, irrigation managers, 
consultants and students better understand wireless irrigation sensor networks, and how they might 
benefit from implementing them at an ornamental operation.  The Cost and Benefits module discusses 
the potential ways that sensor networks might benefit an operation.  The Return on Investment module 
walks growers through the use of a spreadsheet, and the growers own information to develop a baseline 
cost of production, and the potential increase in profits by using a sensor network.  The spreadsheet 
also estimates public (off-farm) benefits of adopting a sensor network.  The Public Benefits module looks 
at the broader long-term impacts of more widespread adoption of sensor network technology across 
the country.  Savings in water, carbon dioxide, nitrogen and phosphorus are calculated for 6 regions, as 
well as the Chesapeake Bay watershed based on a number of different scenarios.   

http://www.smart-farms.org/
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D. Outreach ς Website and Knowledge Center Development  
 
1. Website The SCRI-MINDS 
website was established at the 
outset of the project in 
September, 2009 with input from 
all team members.  The domain 
ƴŀƳŜ ά{ƳŀǊǘ-CŀǊƳέ ǿŀǎ ŎƘƻǎŜƴ 
ŦƻǊ ǘƘŜ ǇǊƻƧŜŎǘ ŀƴŘ ǘƘŜ ΨŘƻǘ ƴŜǘΩ 
ŘƻƳŀƛƴ ŀƴŘ  ΨŘƻǘ ƻǊƎΩ ƴŀƳŜǎ 
were purchased.  The website 
can be viewed at 
 http://www.smart-farms.net   
 

The website was redeveloped in 
year 4 (Fig. 37) to include all the 
new project information and 
allow for a gateway to the 
knowledge center at 
http://www.smart-farms.org   
which is hosted by the University 
of Maryland (see below)  

 

Fig. 37.  The SCRI-MINDS Website and Knowledge Center 
 
 
 

2. Knowledge Center Development 

Extension and outreach goals during Year 4 focused on planning and starting to develop a number of 
learning modulesΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ŦƻǳƴŘ ōȅ ŎƭƛŎƪƛƴƎ ǘƘŜ άYƴƻǿƭŜŘƎŜ /ŜƴǘŜǊέ ǘŀō ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ǎƳŀǊǘ-
farms website.  This takes you to the http://smart -farms.org website.  The links on this website (Fig. 33) 
take users directly into a series of secure learning modules, developed with the Canvas Content 
Management System (Fig. 37). 
 

A total of 28 self-guided earning modules have been outlined, under seven main themes.  These include 
(1) Before you Invest; (2) Your Existing Irrigation System; (3) Installation; (4) Tools; (5) Strategies; (6) 
Case-Studies and (7) Resources (Fig. 38).  Within each of these themes, a number of discrete learning 
modules serve as self-guided tutorials on a wide range of topics related to system design, 
troubleshooting, economics and maintenance.   
 
To date, seventeen modules have been completed (Fig. 38). Figures 39 and 40 illustrates an example of 
the layout and the content provided in each module within the Canvas learning management 
environment. Remaining learning modules on specific case studies will be completed in 2015 and 
highlight implementation of precision irrigation monitoring and control systems at partner grower 
locations.    

http://www.smart-farms.net/
http://www.smart-farms.org/
http://smart-farms.org/

