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 To automate greenhouse irrigation, microclimate variations of the greenhouse 

environment and plant water requirements must be understood. Variation in greenhouse 

microclimate was monitored and quantified using pan evaporation (Bosman, 1990). The growing 

substrate volumetric water content (VWC) and growth performance of two crops, basil (Ocimum 

basilicum 'Genovese Gigante') and bellflower (Campanula portenschlagiana ‘Get Mee’), were 

monitored. The variation was not significantly related to growth performance, indicating plants 

can tolerate a range of growing substrate VWC for acceptable growth performance. Thresholds 

of 0.25 m3·m-3 for basil and 0.15 m3·m-3 for bellflower were determined to be the optimal 

growing substrate VWC at which irrigation should occur. A decision support system (DSS) was 

designed to control irrigation of a crop of bellflower at a commercial greenhouse, alongside the 

grower’s crop. At the end of the production cycle, the plants managed by the DSS the same 

quality as those managed by the commercial grower. 
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Chapter 1: General Introduction 

1.1 The greenhouse industry in Canada 

Greenhouse agriculture, including floriculture production, is an important part of the 

economy of Canada, specifically in the province of Ontario. In 2016, sales of ornamental plants 

and vegetables by greenhouses totaled $2.8 billion dollars. The Ontario greenhouse industry 

alone contributed $1.65 billion. From 2009 to 2016, greenhouse sales increased by 

approximately 19%. Much of this growth is attributable to the increased sales of greenhouse-

grown vegetables, sales of which totaled $980 million in 2009 and increased to $1.3 billion in 

2016. However, the sales of ornamental plants and flowers are still the largest contributors to 

plant sales, accounting for 52.9% of total greenhouse sales. The greenhouse industry employed 

32 829 people at 2 622 greenhouses in Canada in 2015, which represented a decrease of about 

10% in both number of employees and greenhouses from 2009, when 37 475 people were 

employed at 2 875 greenhouses. This decrease in employment and number of greenhouses with 

an increase in sales and area may be indicative of the greenhouse industry becoming more 

consolidated and efficient through technological advances (Statistics Canada, 2017).  

As the worldwide demand for water increases, the need for more efficient usage of water 

is necessary. The most recent statistics on water usage by Canadian greenhouses lists total usage 

at 45 million m3 in 2001 (Beaulieu et al., 2007). Limitations and regulations are being imposed 

on greenhouses, encouraging the development of more efficient irrigation technologies to reduce 

runoff and leaching of fertilization and waste water (Bayer et al., 2013, Burnett and van Iersel, 

2008), as well as overall water use. However, many commercial growers still base irrigation 

decisions off personal experience and intuition (Jones, 2008, Belayneh et al., 2013), instead of 
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considering the water requirements of the crop. In many cases, water is over-applied to prevent 

issues caused by non-uniformity of the irrigation system, such as under-watering of some plants 

(Jones, 2008). This over-application of water adds a cost to the operation of a greenhouse, and 

can decrease the quality of the crop through poor root-zone oxygen levels if they receive too 

much water. Therefore, the need for quantification of optimal water ranges for a given crop, as 

well as improvement of current irrigation systems using technology such as automation and 

remote sensory information, are necessary to address the issues of growing water demand and 

water scarcity. There are many factors in greenhouse production and climate to consider if these 

issues are to be addressed, such as water requirements of crops, which will vary from species to 

species, growth media used, environmental conditions of the greenhouse, suitability of current 

irrigation practices to automation, as well as how to monitor large areas of a greenhouse 

efficiently. 

1.2  Current irrigation scheduling practices 

In the majority of commercial greenhouses, growers base irrigation schedules off 

experience and intuition, rather than quantitative scientific approaches (Jones, 2008). This is in 

part due to the fact that the water requirements of most species are unknown (Burnett and van 

Iersel, 2008) and as such, greenhouse growers prefer to use methods known to work.  

Commonly, many irrigation systems are semi-automated using timers to control when 

irrigation occurs. Growers must update these timers depending on changes in environmental 

conditions and plant water use (Burnett, 2008). However, monitoring plant water use and status 

can be difficult without using destructive methods, and the large number of plants typically 

found within a commercial greenhouse further complicates this problem. The strategy employed 

by many growers is to check a few plants within a greenhouse by how the plant looks and how 
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light or heavy it feels, and make irrigation decisions based on these plants (Jones, 2008). These 

strategies are “open-loop” or “feed-forward” systems. While this strategy works well enough for 

a grower, it may not be the most efficient way of deciding how to irrigate an entire crop. This is 

because the microclimates surrounding two different plants are not always the same (Kacira and 

Ling, 2001) which would lead to varying levels of water usage by plants, depending on their 

location within a greenhouse. Proper irrigation of plants requires correct timing and volume, and 

must account for plant species, developmental stage, size of the plant in addition to the 

environmental conditions (Stanley, 1992). Development of a system that could consider all these 

variables and provide the irrigation information to a grower would help to produce a “closed-

loop” system, a system that would not need additional external inputs to adjust an irrigation 

schedule based on the previously mentioned variables. 

Despite the best efforts of greenhouse managers, climates within a greenhouse are not 

always necessarily uniform. Variation in air temperature and humidity, air currents, amount of 

light delivered to a plant through solar radiation and supplemental lighting leads to the 

development of microclimates based on location within a greenhouse. These different 

microclimates cause the water usage by plants to become non-uniform, which in turn results in 

the development of areas of under- and over-irrigation. This non-uniformity in climate 

eventually leads to non-uniformity in plant quality (Sase, 2006). 

Greenhouse structural elements, such as overhead pipes, circulatory fans, support beams, 

walls, heaters, and other equipment can contribute to the microclimate of a greenhouse in their 

own way. Greenhouse walls, overhead pipes and support beams can all intercept solar radiation 

before it can reach a plant, which would have an impact on the water usage of a plant. As a plant 

receives less sunlight, photosynthesis would decrease and in turn so would the amount of water 
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required by the plant. Additionally, if less sunlight is reaching a plant, the canopy of the plant 

would be cooler than that of a plant in full sunlight, and less water is required to regulate the 

temperature of the plant. This is due to the evapotranspiration of plants, a process where water 

leaves the leaf through stomatal openings, cooling the surface of the leaf (Grant et al, 2006).  

Circulatory fans can also have an effect on the microclimate of a plant in greenhouse, as 

plants closer to a fan would experience a higher amount of air movement than plants further 

away from the fan. Increased air movement would lessen the cooling effect of 

evapotranspiration, increasing the water usage of the plant as evapotranspiration increases to 

maintain the optimal air temperature of the leaf.  

Air temperature and humidity are also important factors to consider in a greenhouse 

microclimate. Ideally, the temperature of a plant canopy is lower than that of the surrounding air 

(Leinonen et al., 2004). Therefore, it follows that as air temperature increase, more energy and 

water are required to cool the plant beyond the air temperature, or plants will begin to show signs 

of stress. Humidity and vapor pressure deficit (VPD) relate to air temperature as well as to each 

other, and can affect the water usage of a plant. Vapor pressure deficit is the difference between 

how much water the air can hold at 100% relative humidity, compared to the amount of water in 

the air at a given temperature (ARGUS Ltd., 2009). At a low VPD, humidity in the air is high 

and nearly saturated with water. A low VPD will cause transpiration to decrease, and in turn, this 

leads to a lower usage of water. As VPD increases, humidity decreases and transpiration 

increases, increasing the water requirement of a plant.  

Climate models for scheduling irrigation of farms use evapotranspiration to estimate the 

water use of crops, allowing operations to better monitor and manage their crops (Monteith, 
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1965; Morille et al., 2013; Seginer, 2002; Qui et al., 2013). Modification of these models allows 

them to be applicable to greenhouse conditions as well.  

1.3  Water requirements of greenhouse crops 

Water is one of the most important components of plant cells and is critical for cellular 

reactions and processes, such as photosynthesis, nutrient transport and stability of plant tissue. 

Typically, water accounts for 80 to 95% of the mass of growing plants. For a plant to produce 

one gram of organic matter, approximately 500 grams of water is required. Maintaining turgor 

pressure requires a substantial portion of water, as plants lose water to the atmosphere during 

transpiration, with some species of plants transpiring 100 times their mass in water through their 

leaves over a lifetime. It is essential to maintain this balance of water, as a decrease in water 

decreases the efficiency of many cellular processes. Over-watering also introduces other 

problems, such as root zone degeneration and increased disease proliferation. Therefore, it is 

essential for plant growth to establish a range of water availability that is optimal for a plant 

species (Taiz and Zeiger, 2010).  

Photosynthesis is one of the most important chemical reactions in plants, and in all 

biology. The main components of the reaction are carbon dioxide (CO2), oxygen (O2), water and 

light. Plants take in CO2 through openings on their leaves called stomata, which minimize the 

amount of water lost (Johnson, 2005).  The availability of water influences the photosynthetic 

activity of plants, as decreasing water availability will lead to a decreased photosynthetic rate in 

many species of plants. This is because lowered water availability induces stomatal closure in an 

attempt to minimize atmospheric water loss (Ginbada, 2005). As more stomata close, the amount 

of available CO2 decreases and photosynthetic rates also decrease. Inversely, saturation of the 

growth substrate or soil decreases the amount of oxygen available in the root zone. This leads to 
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stomatal closure and decrease yield of plant matter through decreased photosynthesis (Singh et 

al., 1991). A decrease in gas exchange through stomata results in a decrease in photosynthetic 

activity, which decreases carbohydrate production in the plant and slows or prevents growth. 

Drought stress also causes damage to photosystem II (PSII) and decreases nitrogen content in the 

leaves and chloroplasts, which further decreases a plant’s ability to photosynthesize (Xu and 

Zhou, 2005).  

Despite the knowledge that over- and under-watering of plants can have severe impacts 

on plant growth, the exact water requirements of many species are still unknown (Burnett and 

van Iersel, 2008). This is in part due to the variability of water usage by plants of different size 

and different stages of growth within the same species, which increases the difficulty of 

determining water needs. There is research that suggests that growing plants using significantly 

lower amounts of water (up to 85% less in some cases) may be possible (Henson et al., 2006, van 

Iersel et al., 2009). In addition to variability between plants within a species, environmental 

conditions also contribute to plants’ water needs even under greenhouse conditions. Stanley and 

Harbaugh (1992) estimated water usage of various crops grown in greenhouses through pan 

evaporation, and noticed that different locations within a greenhouse (shaded and unshaded 

areas) and types of greenhouses (glass and plastic) introduced variation in plant water use. 

Different global locations of greenhouses can also contribute to the water needs of a crop 

through the influence of external climate conditions. For example, Salokhe et al. (2005) noted 

that tomatoes grown in greenhouses in temperate areas such as the Netherlands required less 

water than tomatoes grown in greenhouses in more tropical areas such as India. 

As mentioned, it is important to ensure that plants are receiving the correct amount of 

water, and are not being over- or under-irrigated. Over-irrigation leads to a deficiency of root-
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zone oxygen, which decreases respiration and photosynthetic activity, reduces growth and can 

lead to root death (Olivella, 2000). For some species of crops such as tomatoes, drought stress 

can decrease yield (Singh et al. 1991). Exchanges of gasses such as CO2 and O2 is important for 

development and growth of roots, and excess irrigation and water decreases the concentration of 

such gasses in growth media (Fiebig and Dodd, 2016). In addition to decreased root zone oxygen 

and development, the proliferation of soil-borne diseases, such as algae and other pathogens, 

increases through over-irrigation (Burnett and van Iersel, 2008, Chappell et al., 2013, 

Lichtenberg et al., 2013). Thus, when the water needs of greenhouse plant are over-estimated and 

plants are over-irrigated, the growth of a crop may be negatively impacted. 

Under-irrigation also imposes water stress upon plants and can negatively affect growth 

and yield of the plant. The severity of this stress is dependent on two factors: the magnitude of 

the water stress, and the susceptibility of the plant species in question. The same level and 

duration of drought can induce different amounts of stress between two species of plants 

(Henckel, 1964). An early sign of water deficiency in plants is the onset of drooping leaves, 

which can progress into wilting. Wilting and drooping of leaves is caused by a decrease in leaf 

water potential, or turgor (Kacira et al., 2002a, Ginbada et al., 2005), and the earliest signs of 

wilting are typically used by commercial growers as an indicator of when to irrigate. As the 

duration and severity of drought stress increase, the damage caused by drought also increases. 

Water potential and water content of leaves decrease, as well as stomatal conductance and 

photosynthetic rates (Ginbada et al., 2005). A decrease stomatal conductance and photosynthetic 

rates results in a decrease in overall carbohydrate production of a plant, meaning that a plant 

under drought stress has less available resources for biological processes. 
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Since under- and over-irrigation both impose different stress conditions upon a plant, and 

since different plant species have their own tolerances for under- and over-irrigation, there must 

be an optimal watering regime for a given plant species. Determining what value or values of 

volumetric water content (VWC1) in a growth medium result in the optimal growth of a plant, 

and whether or not it is better to maintain a constant VWC level or have a fluctuating range of 

VWC has been a recent focus of research.  

An example of plants grown at constant levels of substrate VWC is found in Zhen and 

Burnett (2015), in which 2 varieties of English lavender plants were grown at various substrate 

VWC levels between 0.1 and 0.4 m3·m-3. In this study, 0.4 m3·m-3 was considered to be the 

“well-watered” group, 0.3 and 0.2 m3·m-3 were considered mild to medium stress and 0.1 m3· m-

3 was considered severe drought stress. Under severe stress, plants from both varieties of 

lavender were compact, narrow plants with significantly lower biomass production compared to 

the well-watered group, and one variety exhibited a ~50% mortality rate. Plants grown at 0.1 and 

0.2 m3·m-3 produced only vegetative growth, and flowers were only produced by plants grown at 

0.3 and 0.4 m3·m-3. Plant canopy width, height, biomass production and water usage increased 

with substrate VWC (Zhen and Burnett, 2015). The upper limit at which substrate VWC no 

longer related to increasing plant size varied from species to species. Zhen et al. (2014) found 

that the amount of biomass produced by cheddar pink (Dianthus gratianopolitanus ‘Bath’s 

Pink’) did not increase as substrate VWC increased above 0.35 m3·m-3 suggesting that at least for 

                                                           
1 Volumetric water content, VWC, is defined mathematically as: 

𝑉𝑊𝐶 =
𝑉𝜔

𝑉𝑤𝑒𝑡
 

Where 𝑉𝜔  is the volume of water and 𝑉𝑤𝑒𝑡 = 𝑉𝑠 + 𝑉𝜔 + 𝑉𝑎 equals to the total volume of the wet material, i.e. of the sum of the 

volume of solid host material (e.g., soil particles, vegetation tissue)  𝑉𝑠, of water 𝑉𝜔, and of air 𝑉𝑎 (Bilskie, 2001).  
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some plants, irrigating above a certain threshold yields no benefits to plant growth and is a waste 

of water usage. The results of the constant growing substrate VWC may be useful in determining 

a range which best suits a specific plant species, however, maintaining a constant VWC under 

commercial greenhouse settings would be extremely challenging and impractical when 

considering the large number of containers present under these conditions. 

In a series of papers by Belayneh et al. and Lichtenberg et al. (both 2013), a sensor-based 

system was used to improve water use efficiency and growth performance of young dogwood (3 

years old) and maple (2 years old) trees in a nursery location, as well as gardenia in a greenhouse 

and nursery. In both cases, when sensors placed within plant containers read below a specific 

value for growing substrate VWC irrigation was triggered for several minutes. To avoid the 

influence of an edge effect the VWC sensors inserted into the substrate of a central pot within a 

group of plants. For the dogwood and maple trees, irrigation only occurred when average 

substrate VWC reading for four sensors was below 46% (or 0.46 m3· m-3), which was considered 

to be the halfway point of water availability for the growth substrate used. For the gardenia, 

irrigation was triggered when 20% (or 0.20 m3·m-3) VWC was detected. These methods of 

feedback-based irrigation resulted in a lower average substrate VWC with fewer irrigation events 

when compared to the containers irrigated based on grower decisions. The overall reduction in 

water use was 53.5% for the dogwood and maple tree nursery, with no significant reduction in 

plant quality or size (Belayneh et al., 2013). As for gardenia, significant reductions in production 

time were observed for the sensor-controlled irrigation, compared with the standard practice. 

Under standard practice, plants were ready for sale 11 months after planting at the earliest, and 

an additional 11 months were required to sell the entire crop. Using sensor-controlled irrigation, 

plants were ready for sale 8 months after planting, and only an additional 3 months were required 
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to complete the sale of the crop. Additionally, losses were approximately 50% lower in sensor-

controlled irrigation when compared to standard practice (Lichtenberg et al., 2013). While the 

article does not include the water savings of the gardenia production when using sensor-

controlled irrigation, given that the production time for the sensor-based irrigation was nearly 

half of the standard practice, water savings would also be present in this scenario.  

Kiehl et al. (1992) demonstrated the difference that constant and fluctuating substrate 

VWC can have on the growth performance of a species of plants. Constant and variable substrate 

moisture tensions were used to determine if a static or fluctuating amount of substrate moisture 

produced better plants. Growth performance of plants decreased with increasing water tension 

(and therefore decreasing moisture content). The plants grown using variable substrate moisture 

contents produced similar growth performance as plants grown at lower constant tensions. 

Leaching of fertilizer salts was low for both constant and variable water tension (<400mL/pot of 

leachate) in addition to low salt accumulation within the growing substrate. This may indicate 

the use of these treatments for savings in terms of fertilizer use, with the benefit of less 

environmental damage through fertilizer runoff. There are still many aspects of the relationship 

between substrate moisture content and plant growth to be better understood. A recent study by 

Jacobson et al. (2015) using Angelonia angustifolia showed that reduction in substrate moisture 

content throughout a growth cycle, rather than only towards the end which is common practice, 

can increase the shelf life of the plants, without negatively impacting production time. Jacobson 

et al. (2015) noted that while a decrease in substrate VWC resulted in decreased growth, plants in 

the middle ranges (20 to 30% VWC) were more desirable than those grown at 10 and 40% 

VWC. Plants grown at 20 and 30% VWC were shorter, but had more visually appealing 

proportions of flowers and stems and did not wilt.  
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The monitoring and control of substrate moisture content has been shown to have an 

effect on the growth on plants, and presents a method by which growers can modulate the growth 

of their crops. For example, if the grower wants a shorter crop, withholding some water may be a 

way of producing shorter plants. However, despite the available research, the optimal watering 

regimes of many greenhouse crops are still unknown.  

The majority of, if not all, modern greenhouse productions use growth media called 

soilless growth substrates for container-based production. These substrates contain no field soil, 

which is unsuitable for growth within small containers due to drainage and aeration issues, but 

instead are composed of organic products such as peat moss, wood and bark, sand, or coconut 

husk as well as inorganic components such as vermiculite and perlite. Each growing substrate is 

comprised of a combination of these and other materials, which makes each substrate unique in 

terms of water release and holding capacity, aeration, and support for plant roots and shoots 

(Argo, 1998). There is no one growth substrate that works best for all types of plant production, 

as different plants have different needs in terms of water usage, nutrient supply and root zone 

oxygen needs. Growers must consider these properties when choosing which growth media to 

use or whether to mix their own.  

The properties that define the growth media include the total porosity, which is the 

proportion of space occupied by either air or water, and bulk density, which is the ratio of solid 

mass to total volume of the substrate expressed in g/cm3 and is inversely proportional to the total 

porosity. In field soils, bulk density and porosity are approximately equal. Soilless growth 

substrates however, typically have much higher porosity (85% to 95% pore space by volume) 

which allows for improved aeration and water delivery compared to field soil (Agro, 1998). The 

components of a growth substrate determine its ability to hold and release water, which is an 
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important factor for growers to consider when choosing which substrate to use. A substrate 

release curve describes a substrate’s ability to release water by relating water content to the water 

potential of a substrate, which is a measurement of pressure. As the water content in a substrate 

decreases, the water potential decreases and less water is then available to a plant growing within 

the substrate. Eventually, water potential becomes so negative that a plant cannot separate water 

from the within the pores growth substrate. The point at which no more water is released from a 

substrate is the permanent wilting point, and this point varies based on the composition of the 

substrate (Ghanbarian-Alavijeh and Millán, 2009).  

1.4 Techniques for determination of substrate water content and plant water status  

The water content of a growing substrate, the water status of a plant or a combination of 

these two factors are the options for the scheduling of irrigation. There are advantages and 

disadvantages to each type of measurement in terms of technical expertise and labour required to 

obtain useful information. These two variables of plant and substrate water status are related but 

not necessarily the same, so it is important to know optimal ranges of both for a given plant 

species. 

1.4.1 Substrate Water Content 

There are a variety of methods for determining substrate water content, which can be 

divided into two groups: measurement of how much water is in a given substrate (direct 

measurement), and measurement of how accessible water in a substrate is to a plant (indirect). 

Direct measurement provides the amount of water that is in a substrate in terms of volumetric 

water content (VWC), but does not provide information on how much of this water is accessible 

to the plant. To directly measure the amount of water in a substrate a sample must be weighed 
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before and after oven-drying (100-110°C for a minimum of 48 hours) off the water. The 

difference between the two masses of the sample will be the amount of water contained in the 

sample. Determination of the mass of water in a sample is called the gravimetric water content 

(GWC), and is expressed in kg of water per kg of substrate (Lambe and Whitman, 1969). The 

GWC value can be converted to VWC, as one gram of water is equal to one cm3 (Muñoz-

Carpena, 2004). However, this direct method of measurement is not suitable for greenhouse 

applications due to the amount of time required to produce a measurement, as well as being 

unsuitable for automation. This process is destructive, as drying off all water in a sample would 

kill the plant as well. This also means that measurement of water content is not repeatable for 

that plant or pot. For this reason, quicker, easier, and less destructive methods for determination 

of substrate moisture content are preferred.  

Indirect methods of measurement provide the opposite of direct measurements, giving 

information on how easily a plant can get water from the growth substrate in terms of water 

matrix potential, but not how much total water is in that substrate (van Iersel, 2011). It is possible 

to convert between water potential and water contents, however this conversion is dependent on 

substrate type and can vary greatly  between two different growth substrates (Jones, 2008) and 

can also vary with time as plant roots develop and components of growth substrate decompose 

(van Iersel et al., 2011). These indirect methods of measurement have the advantage of being 

nondestructive and therefore repeatable on a single pot, can be quicker than direct methods 

(measurements produced in seconds vs measurements in days), and are more suitable for 

automation. There are two main groups: volumetric and tensiometric methods. 
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1.4.1.1  Volumetric Measurement of Substrate Water Content 

For volumetric measurement of substrate moisture content, there is a variety of sensors 

available, the main types of which are frequency domain reflectometry (FDR), time domain 

reflectometry (TDR), and neutron moisture meters.  

1.4.1.1.1 Neutron Moisture Meters 

Neutron moisture meters make use of the principle that high-energy neutrons slow down 

when they collide with the atoms in the substrate, becoming thermalized (low-energy) and 

returning to the detector. Collisions of neutrons with small atoms result in a greater energy loss 

than collisions with large atoms (Visvalingam and Tandy, 1972). Hydrogen atoms in growth 

substrates are mostly present in the water in the substrate, and therefore most of the thermalized 

neutrons are due to the presence of water (Muñoz-Carpena, 2004). Neutron probes are accurate 

to ± 0.005 ft3 · ft-3 (1.416 x 10-4 m3· m-3), are not affected by the presence of air gaps or substrate 

salinity, and due to the large detection sphere (4 to 16 inch (10.2 to 40.6 cm) radius from neutron 

source), can be used on large samples of soil (Muñoz-Carpena, 2004). However, a major 

disadvantage of neutron probes is that they require a radioactive source for the high-energy 

neutrons. This presents a health and safety issue for commercial greenhouse use, as well as 

requiring certified operators. Additionally, due to the hazard using of radioactive material, 

automated readings are not possible. Compared to other substrate moisture sensor, neutron 

probes are expensive, heavy, and large instruments that are likely not practical for application in 

commercial greenhouse irrigation systems. 
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1.4.1.1.2 Time Domain Reflectometry (TDR) 

The use of time domain reflectometry (TDR) to measure soil moisture content was first 

reported by Topp et al. in 1980 (Jones, 2002). It is a dielectric technique for measuring substrate 

moisture content. Dielectric techniques measure the permittivity of the substrate, and use this to 

estimate the water content. The dielectric constant (ε) is a unit-less value that determines how 

quickly an electromagnetic wave can pass through a material (Muñoz-Carpena, 2004). Soils and 

soilless growth substrates used for growing plants are composed of several different materials 

(such as peat moss, perlite, minerals, etc.) and water. Since the dielectric constant of water (εwater 

= 80) is much higher than any other material present in the growth media (εair = 1, εminerals = 2-5), 

most of the permittivity of a growth substrate can be attributed to the water present (Muñoz-

Carpena, 2004).  

TDR sensors measure the dielectric constant of a material by determining the time an 

electromagnetic pulse takes to travel through a substrate. A TDR sensor has probes that, when 

inserted into a substrate, act as a guide or transmission line for the electromagnetic wave. The 

wave propagates through the guide into a material and then returns to the source. Using the travel 

time of the electromagnetic wave and the length of the guide, the dielectric constant for a 

specific material is calculated (Muñoz-Carpena, 2004). 

The advantages of TDR sensors are that they are accurate to within 1-2% of VWC, 

calibration based on specific soil types is not usually required, measurements are simple and 

quick to obtain, and there is no hazard present, such as radioactive material in neutron probes, 

making them more suitable for automated readings (Jones, 2002). Some of the disadvantages of 

TDR sensors include their relatively high cost due to the complex equipment, and small sensing 
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volume, which is dependent on the length of the probes. However, for greenhouse applications 

they may still be suitable, depending on the size of container used.  

1.4.1.1.3 Frequency Domain Reflectometry (FDR) 

Similar to time domain reflectometry, frequency domain reflectometry (FDR) techniques 

measure the electrical permittivity of a substrate. Steel stripes attached to an acrylic glass rod 

form the electrodes of a capacitor (Thomas, 1966). A capacitor is two electrically conductive 

materials aligned parallel to each other, with any non-conductive material (an insulator), such as 

soil or a growth substrate, in between them. Capacitors store electrical energy by producing a 

gradient from positive to negative charges between the conductive plates. The main principle of 

an FDR instrument is that the probes of a sensor with an oscillating frequency are inserted into a 

substrate, and the capacitance of the substrate is measured (Gardner et al, 1998). The amount of 

charge that can be stored in a capacitor is dependent on the dielectric constant of the insulator 

material between the capacitance plates. As mentioned in section 1.4.1.1.2, the dielectric 

constant of water is higher than the components that make up soils and soilless growth 

substrates. Therefore, by measuring the dielectric constant of a substrate through capacitance, the 

amount of water present can be approximate (Dean et al., 1987).  

One advantage of FDR sensors is that they are inexpensive compared to neutron probes 

and TDR sensors (Gaskin and Miller, 1996), and they can be as accurate as TDR sensors, after 

calibration for the soil-type. The probes are also simple to use, and offer quicker readings than 

TDR sensors, with better resolution (Dean et al., 1987, Muñoz-Carpena, 2004). The 

disadvantages of using FDR sensors are that they require calibration for each type of substrate, 

have a small sensing area compared to other techniques, and are more susceptible to interference 

by air gaps in the substrate (Muñoz-Carpena, 2004).  
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1.4.1.2  Tensiometric Measurement of Substrate Water Content 

Section 1.4.1.1 discusses the use of physical measurements of a substrate to determine the 

water content of that substrate, known as indirect measurements. These methods of measurement 

are indirect because they do not measure how much water is in a sample directly, but instead 

give information on how accessible that water is to a plant. This information is important, as 

water is subject to forces such as attraction and cohesion, which hold the water to the substrate. 

Due to the presence of these forces, the total amount of water in a substrate and the amount of 

water available to plant are not equal. By using a substrate-specific calibration, the volumetric 

water content of a substrate is determined from indirect measurements. All tensiometric methods 

make use of a porous material, which allows water to flow in and out, to measure the water 

matrix potential through the pressure generated in the sensor (Charlesworth, 2000, Muñoz-

Carpena, 2004). 

1.4.1.2.1 Tensiometric methods 

A tensiometer is an instrument that consists of a porous ceramic tip at one end, connected 

to a negative pressure gauge at the other end by a sealed, water-filled plastic tube. It can be used 

to directly measure the water potential of a substrate. Since the tensiometer is an airtight device, 

movement of water in or out of the ceramic cup will cause a change in pressure. Once installed, 

water moves in and out of the ceramic cup until the tensiometer is in equilibrium with the soil 

around it. As the soil dries around the cup, the water potential becomes more negative and more 

water leaves the tensiometer. The typical measurement range is from approximately -75 to 0 kPa, 

as any pressure lower than -75 begins to pull air into the ceramic tip which interferes with 

measurement (Charlesworth, 2000).  
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Tensiometers can be relatively inexpensive compared to other sensors, as minimal 

electronics are required for operation. They are also easy to use once installed, and require little 

maintenance besides refilling of the water inside the tube. The disadvantages of tensiometers is 

that they require equilibration with the substrate before a reading can be made, and that they 

require close contact between the ceramic cup and the substrate so that no air gaps are present 

(Muñoz-Carpena, 2004). The main limitation of tensiometers for greenhouse crops is the size of 

the instrument, which is intended for use in outdoor farming applications, making tensiometers 

too large to be used for greenhouse crops grown in small containers.  

1.4.1.2.2 Heat dissipation sensors 

Heat dissipation sensors use the principle of thermal conductivity of a substrate (Phene et 

al. 1971). In porous materials, the thermal conductivity is dependent on conductivity of the 

material itself, the size and proportion of pores in the material, and the substance within the pores 

(Phene et al., 1971). These pores are filled with either air or water in growth substrates. Since the 

specific heat capacity of water is higher than air (4.186 joule · gram-1 · °C-1 for water and 1.012 

joule · gram-1 · °C-1 for air), water is a better conductor of thermal energy than air and therefore, 

increasing the amount of water within a substrate will increase the thermal conductivity of that 

substrate (Phene et al., 1971). Heat dissipation sensors consist of a heat source and a temperature 

sensor embedded within a block of gypsum or other material that has similar porosity to the 

substrate (Yoder, et al. 1998). By measuring the temperature of the block before and after 

powering the heat source, the water potential of the substrate can be determined by the amount of 

heat dissipated by the substrate around the block. Dryer substrates will heat up quicker than wet 

substrates, while wet substrates will dissipate the heat more efficiently (Muñoz-Carpena, 2004). 

The advantages of heat dissipation sensors are that they are relatively low cost and require little 
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maintenance, and suitable for continuous reading. However, they require soil-specific 

calibrations and have slow reaction times, which make them inappropriate for substrates that are 

coarse or sandy (Muñoz-Carpena, 2004).  

1.4.1.2.3 Soil psychrometers 

Psychrometers measure the relative water vapour pressure of a system by determining the 

actual and saturated vapour pressures. These vapour pressures can be used to determine the water 

potential of a system (Campbell and Gardner, 1971). Psychrometers consist of a sensor 

containing a thermocouple with one “wet” bulb and one “dry” bulb within an air chamber. A 

ceramic cup or other porous material shields the air chamber, and is embedded in a substrate and 

allowed to reach vapour equilibrium. The water potential of a substrate relates to the air 

surrounding the substrate under equilibrium conditions (Muñoz-Carpena, 2004). Using this 

relationship, the water potential of a substrate can be determined by measuring the temperature 

difference between the “wet” and “dry” bulbs of the thermocouple to determine the relative 

humidity within the air chamber. The water potential of the substrate is determined from the 

relative humidity of the air chamber (Campbell and Gardner, 1971). Psychrometers are sensitive 

to changes in both substrate density and temperature, which can be both an advantage and 

disadvantage depending on the desired application. Psychrometers also are slow to produce 

readings because of the need to reach vapour equilibrium, and have low accuracy in wet 

substrates.  

1.4.1.2.4 Gypsum blocks and granular matrix sensors 

Gypsum (calcium sulfate dihydrate) blocks and granular matrix sensors belong to a class 

of sensors that measure substrate water potential using the electrical resistance of the substrate. 
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Gypsum block sensors are the most common type of electrical resistance sensors (Yoder et al., 

1998). Similar to heat dissipation sensors gypsum block sensors use blocks of gypsum, which 

should have similar porosity as the substrate of interest, but have electrodes embedded within the 

block instead of a temperature sensor (Muñoz-Carpena, 2004). By measuring the resistance 

between the two electrodes after allowing the block to equilibrate with a substrate sample, the 

water potential of the substrate can be determined. As the water content within the block 

increases, the resistance between the electrodes decreases. Gypsum blocks have the advantage of 

being low cost and low maintenance, can measure within a 4-inch radius around the block, and 

since the gypsum block is made of a water-soluble salt block, the substrate salinity does not have 

an effect on measurements, to an extent. However, using a block made of a water-soluble salt 

includes the disadvantage that the gypsum block dissolves over time with more exposure to 

water. As the block dissolves properties such as porosity and resistivity will change, and the 

block will begin to deviate from its calibration with the substrate. 

1.4.2 Plant water status 

While measuring the water status of the substrate can provide information on how much 

water is available to a plant and how accessible this water is, these measurements do not reveal 

how much water is within the plant itself. One of the simplest and most commonly used methods 

of monitoring the water status of a plant is visible wilting of the plant canopy, indicating low 

water content within the plant. However, the lowered water status of the plant will have had an 

effect on other physiological processes (for example, photosynthesis) by the time wilting occurs. 

Depending on the plant species, by the time wilting has occurred the amount of potential growth 

or yield lost may be substantial (Jones, 2004, Hsiao, 1973). Therefore, irrigation scheduling 

based on the appearance of wilting may cause damage to the crop and have a significantly 
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negative effect on the growth of the plants. If irrigation scheduling is to use plant water status, 

more sensitive and reliable detection methods are required. Relative water content is one method 

of measuring the water content of leaves, and normalizing the data between species. By 

measuring the fresh, dry and turgid (fully hydrated) weights of a leaf sample, the relative water 

content of the leaf at the sampling time can be determined and used to measure water stress 

(Jones, 2007). This method is useful for research applications but for the commercial grower it 

may be too slow, as drying the leaf takes at least 24 hours. Similar to substrate and soil water 

potentials, measurements of leaf water potential can monitor the water status of the plant and the 

growth substrate. As the substrate dries and water becomes less easily available, plants can 

modify the evapotranspiration to conserve water loss. Leaf water potential measurement requires 

the use of pressure chambers to apply pressure to a leaf cut from the plant (Boyer, 1967). Other 

methods, such as stem hygrometers can be used to determine the xylem water potential in the 

stems of cut plant samples (Dixon and Tyree, 1984). These pressure chambers require technical 

expertise to operate and obtain useful measurements. This technique measures stem or xylem 

water potential, which is more easily relatable to the substrate water status but requires the 

cutting of a leaf from a plant (Jones, 2004). These methods are not suitable for automation or 

greenhouse applications due to the operation of the equipment involved.  

Stomatal closure and other regulatory mechanisms control leaf water potential as the soil 

dries. However, some plants have more control over stomatal closure and therefore their leaf 

water potential. Plants with some to no control over their stomata are termed “anisohydric”, 

while “isohydric” plants are ones that can maintain a nearly constant leaf water potential over a 

large range of soil water contents (Tardieu and Simmoneau, 1998). Some species of anisohydric 

plants have some level of stomatal control, which maintains leaf water potential above a critical 
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value as soil dries, while other species of anisohydric plants do not have control over stomatal 

closure. Anisohydric plants maintain leaf water potential to a nearly constant level over a range 

of substrate moisture contents that makes leaf water potential an unsuitable indicator for 

irrigation scheduling (Jones, 2008). For anisohydric plant species, leaf water potential is 

sensitive to the drying of growth substrates, and could be a suitable indicator for irrigation 

scheduling. One issue with using leaf water potential is that changes in environmental 

conditions, such as shading of leaves and varying light levels, can cause large fluctuations in 

measurements of leaf water potential (Jones, 1990). Due to the need for expensive equipment 

such as pressure chambers, the technical expertise required to operate the equipment as well as 

the difficulty in obtaining useful measurements, there are limitations in applying leaf water 

potential measurements to irrigation scheduling.  

1.4.3 Suitability of substrate and plant water status sensors for automation of irrigation 

When selecting sensors for monitoring and automating the irrigation of a crop in a 

greenhouse, the most important factors to consider are the cost of the sensor, and the 

compatibility of the sensor to the greenhouse design. Commercial growers may not have the 

technical expertise to operate the sensors, or how to interpret the data obtained.  

Of the three types of volumetric water sensors discussed in section 1.4.1.1, which were neutron 

probes, time domain reflectometry (TDR) and frequency domain reflectometry (FDR), FDR 

sensors are likely to be the most applicable for automation of irrigation in a greenhouse. Neutron 

probes, while being the most accurate of the volumetric water sensors discussed, are only 

suitable for research purposes, due to the health hazard and need for certified technicians 

necessitated by the radioactive neutron source. They also are unsuitable for automated irrigation 

purposes in commercial greenhouses due to their cost and size of the instrument, which is only 
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useful with large soil samples. TDR sensors could be applicable for some commercial 

greenhouses, as they do not represent a health hazard, and can produce results quickly and easily. 

However, the main drawback of these sensors is the cost of the equipment, which is cheaper than 

the neutron probes, but still more expensive than FDR sensors. FDR seems to be the best 

solution for sensors for irrigation monitoring and scheduling. Belayneh et al. (2013) examined 

the cost-effectiveness of FDR sensors installed in a nursey. FDR sensors monitored and triggered 

irrigation when VWC of a pot was below a set point. FDR sensors are less expensive than 

neutron probes and TDR sensors, do not have the health risks associated with neutron probes, are 

simple to use, and when properly calibrated are as accurate as TDR sensors.  

Sensors and methods of measuring plant water status are generally destructive due to the 

need for excision of plant material, and are not suitable for automation. While these methods of 

monitoring water status can be inexpensive and are useful for research purposes, their usefulness 

does not necessarily translate well to commercial greenhouse applications. Measuring plant 

water status requires training and use of technical equipment, which may be too time-consuming 

for most growers. For these reasons as well as the relatively low cost of many kinds of FDR 

sensors, FDR sensors seem to be the best overall option for sensor-based irrigation scheduling at 

this time. 

1.5 Precision agriculture and sensor-based approaches to irrigation  

The application of sensor networks and computer programs to agricultural and 

greenhouse management is a growing practice known as precision agriculture (Zhang et al., 

2002). As global population increases and regulations on agricultural water usage become 

stricter, there is increasing pressure on greenhouse operations to become more efficient with the 

use of water for irrigation. Additionally, as greenhouse operations grow, proper management and 
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monitoring of resources and crops becomes more difficult and complicated. This presents an 

opportunity for modern technology, such as sensor networks and automation, to assist 

commercial growers in managing their operations.  

Use of sensors for monitoring variables such as growing substrate volumetric water 

content (VWC), temperature, and climate conditions is becoming more common in the 

commercial greenhouse industry. A wireless sensor network (WSN) is an array of sensors 

installed throughout a greenhouse or nursery, connected to dataloggers, which transmit the data 

to a centralized computer (Belayneh et al., 2013). WSNs allow commercial growers to more 

efficiently manage and monitor their operations.  

The aim of precision agriculture in greenhouses is to provide growers with solutions for 

better management of the greenhouse climate and resources in relation to plant needs. Proper 

management of the internal greenhouse climate is essential, as the conditions within a 

greenhouse will have a substantial impact the growth of a crop (Gupta et al., 2010). Applications 

of WSNs are focused on greenhouse climate management, with the aim of reducing costs 

associated with heating and ventilation of the greenhouse (Postolache et al., 2012), or to reduce 

the need for herbicide and pesticide use (Körner and Van Straten, 2008). Some have been 

developed WSNs for monitoring the health and growth of plants in terms of water and nutrient 

requirements, and for assisting growers in making efficient irrigation decisions, and resulting in 

water savings (Bamsey et al., 2012; Goumopoulos, 2012; Kantor et al., 2012; Philipova et al., 

2012). In addition to commercial applications, precision agriculture methods are being explored 

for space exploration (Bamsey et al., 2012; Dixon et al, 2017). In these extreme conditions, 

resources would be limited, and precise control over growth of plants would be required to 

maintain production.  
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There are challenges associated with the use of WSNs in agriculture, specifically in terms 

of data volume and computing power (Aqeel-Ur-Rehman et al., 2014). Depending on the size of 

the network, the volume of data to be processed can be large and difficult process in a useful 

timeframe (Zhang et al., 2002). A system that could assist a grower in decision-making would be 

beneficial and increase the usefulness of a WSN in a greenhouse. These decision support systems 

(DSS) could manage, organize and integrate sensor data in a more efficient manner than humans, 

if properly trained and implemented. Some studies suggest the use of ‘fuzzy logic’ for 

greenhouse control due to the number of variables for climate conditions (e.g. temperature, 

humidity, lighting, CO2 concentration) and the large range observed for each of these variables 

(Gao et al., 2013; Kolokotsa et al., 2010). Fuzzy logic would allow an automated irrigation 

system to be more dynamic and flexible, adapting to a large variety of different combinations of 

greenhouse structure, internal climate and type of crop. 

Currently, experienced growers must monitor and manage greenhouse crops manually. 

Growers must scout the greenhouse, using their experience and intuition to check areas of the 

greenhouse. The grower then makes the decision whether or not to irrigate, depending on the 

needs of the crop at that moment. Growers must check their crops daily and as such, the process 

is time consuming, energy intensive and is not an efficient use of resources (Wspanialy and 

Moussa, 2016). If the irrigation process could be fully or even partially automated, there is 

potential for greenhouse operations to reduce labour costs, as well as resource and time costs in 

this area. Automation of irrigation would also allow growers to better manage their time and 

focus on other tasks, such as control of pests. 

If irrigation of greenhouse crops is to be completely automated using a sensor-based 

system, the system needs to account for the environmental conditions within the greenhouse. 
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Some wireless sensor-based networks for irrigation have been developed for application both in 

nurseries (Vellidis et al., 2008, Belayneh et al., 2013, Chappell et al., 2013; Kohanbash et al., 

2013) and in greenhouses (Kim and van Iersel, 2010). These studies have demonstrated using 

soil sensors to monitor and control irrigation when volumetric water content is below a set 

threshold. Additional sensors may also be applied for monitoring of environmental variables 

such as light, humidity, temperature, vapour pressure deficit (Belyaneh et al., 2013; Chappell et 

al., 2013). These wireless networks did not completely automate irrigation or provide growers 

with the decision of when to irrigate, but presented the information to a grower who then would 

modify and update an irrigation schedule based on the data. The implementation of WSNs in 

greenhouses could also provide significant benefits of water, energy and fertilizer savings 

through the optimization of irrigation scheduling compared to the current practice of growers 

(Majsztrik et al., 2013).  

To automate greenhouse irrigation completely, a more efficient system for monitoring the 

greenhouse compared to the current system is required. As mentioned, the use of sensor 

networks to monitor plant and climate variables throughout the greenhouse is becoming more 

common. Growers use information from these sensors to assist in their decision-making. This 

system of irrigation scheduling is a “feed-forward” or “open-loop” system, requiring updates to 

the schedule depending on greenhouse conditions. Automation of greenhouse irrigation requires 

closing this loop, so that the system can manage irrigation on a day-to-day basis without external 

input from the grower. To close the loop, the irrigation system needs to be able to emulate the 

decision making process of an experienced grower. This introduces the challenge of 

understanding the decision making process of a grower (a combination of experiential 

knowledge and use of climate measurements) so that this process can be translated into an 
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automated system. Just as the grower does, the system must be able to 1) assess the water status 

of the crop and the internal climate of the greenhouse, as well as the external climate, and 2) 

integrate the crop water status with the climate data, using both to make a decision about whether 

or not an irrigation event should occur. To produce a closed-loop system such as this, a dynamic 

DSS would be ideal. 

There are few examples of closed-loop systems (Rieller et al., 1998, Clarke et al., 1999, 

Callewaert and Lippert, 2000), and fewer still (if any) examples of implantation of closed-loop, 

decision support systems within commercial greenhouses. According to Clarke et al. (1999), one 

of the largest reasons for the low acceptance of these decision support systems is that the final 

product does not match what the end user needs; that is, the system does not do what the growers 

want it to. To ensure the development of a DSS for greenhouse irrigation that is acceptable to 

commercial growers, frequent collaboration with growers is necessary to produce a functional 

product. For a decision support system to be able to automate the entire irrigation process, there 

are several important factors to consider. First, the system must know what the optimal irrigation 

pattern for a given plant species is. Knowing how much water to apply and at which substrate 

moisture content to begin applying water is essential for the system to perform at an acceptable 

level. The decision support system must also be able to detect whether any drought or flooding 

stress is present in a crop using either sensory (substrate moisture sensors), visual, hyperspectral, 

or thermal data, and be able to provide a solution to this problem. This includes modifying an 

irrigation schedule based on environmental conditions such as light, temperature, and humidity, 

as these factors would contribute to a plant’s water needs. For a decision support system for 

irrigation to be successful, it must at least be able to perform as good as a traditional grower or 
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better. At the time of writing, a DSS for automation of greenhouse irrigation is not commercially 

available. 

1.6 Objectives 

The objectives of this thesis are: (1) to quantify the variations in microclimate and potting 

substrate moisture content within the same greenhouse; (2) determine an optimum watering 

threshold for campanula portenschlagiana ‘Get Mee’ and ocimum basilicum ‘basil’ grown under 

greenhouse conditions; and (3) test the performance of a decision support system for growing 

campanula portenschlagiana ‘Get Mee’ using traditional growing methods and the optimal 

threshold determined in objective (2).  
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Chapter 2: Greenhouse microclimate and substrate water content variations 

and the responses of crop performances to these variations  

2.1 Introduction 

The ability to efficiently and accurately manage irrigation for greenhouse crops is of 

increasing interest for commercial growers. Increasing costs and limited availability of water 

present a need for increasing the efficiency at which water is used for crop production. To 

improve the efficiency of irrigation systems, water demand within a greenhouse must be better 

understood and current irrigation methods and practices must be adapted to include technology 

such as sensor networks and feedback-control systems. Water use within a greenhouse depends 

on the crop and the environmental conditions of the greenhouse which can be subjected to 

microclimate variations.  

In many modern greenhouse operations, irrigation scheduling is based upon the 

experience of the grower, rather than scientific approaches such as monitoring the water status of 

crop or growing substrate. This is in part due to the lack of quantitative data on the water 

requirements of most crops, which are largely unknown (Burnett and van Iersel, 2008) and that 

water demand can vary from day to day depending on climatic factors such as vapor pressure 

deficit (VPD) and photosynthetically active radiation (PAR) (Salokhe et al., 2005). These factors 

can also vary significantly from day to day, making the determination of precise irrigation 

difficult. Models of greenhouse climates have been examined recently to provide insight into the 

improvement of greenhouse design and management, and to predict climate conditions for the 

optimization of plant growth. The Penman-Monteith model (Monteith, 1965) has been adapted in 

some instances for modelling greenhouse climates, rather than open field conditions (Morille et 
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al., 2013; Seginer, 2002; Qui et al., 2013). In commercial greenhouses, growers tend to use 

methods such as timer-based scheduling, which are more subjective in their application, to make 

irrigation decisions. Current methods of irrigation vary depending on the crop as well as grower 

preference, most can be described as a feed-forward or open-loop system. These systems require 

constant updating with respect to the water needs of a crop. Typically, feed-forward systems 

make use of timers to control how often irrigation occurs. These timers require updating 

depending on the climate conditions inside and outside of the greenhouse. Some growers have 

also begun to use sensors to monitor VPD and PAR in addition to gravimetric methods to assist 

in making irrigation decisions depending on the crop of interest (e.g. crops such as tomato, 

pepper, and cucumber). Solar radiation integrals (SRI) have also been used to set thresholds for 

irrigation in plant productions using soilless growing substrates (Jovicich et al., 2007). Wireless 

substrate moisture sensors have also been tested for providing additional information and to 

assist growers in making irrigation decisions. This kind of system initiates irrigation at a user-

identified substrate volumetric water content(s) (VWC) (Belayneh et al., 2013, Chappell et al., 

2013).   

Greenhouse microclimates are small areas within a greenhouse that experience variation 

in climate conditions such as air temperature, relative humidity, VPD, and solar radiation 

compared to other areas of a greenhouse. Changes in air temperature and radiation influence crop 

temperature and VPD, and in turn influence the transpiration of the crop (Körner et al., 2007).  

These microclimatic variations can be caused by structural elements of the greenhouse, such as 

overhead pipes, support beams and poles, circulatory fans, ventilation screens, heaters and other 

equipment, as well as external weather which may cause uneven solar radiation to reach all 

plants within a greenhouse. Ventilation is also important, as the internal airspeed influences the 
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humidity and temperature of the air in the greenhouse (Boulard et al., 2004). Since solar 

radiation is considered to be the largest component of energy input to a plant canopy, variation in 

light distribution to plants is an important factor to consider as well (Jovicich et al., 2007; Körner 

et al. 2007; Stanghellini, 1988). Microclimate variation in a greenhouse can lead to uneven water 

usage within a crop. When this variation in water usage is not accounted for when irrigating, 

areas of under- and over-watering may develop, which can reduce plant growth through drought 

(Ginbada et al., 2005) or flooding stress (Olivella, 2000).   

The previously mentioned sensor-based systems have been shown to increase efficiency 

in irrigation, and can be installed to help account for localized microclimates variation within a 

greenhouse (Saavoss et al., 2016). Predicting and measuring microclimate variation within a 

greenhouse can be difficult, especially due to the differences in construction of any two 

greenhouse operations. Some work has been done in the modelling and prediction of the 

interactions between environmental factors and crops (Cooper and Fuller, 1983; Soribe and 

Curry, 1973). Recently, several models based on the Penman-Monteith equation, as well as other 

models such as KASPRO and Gembloux Dynamic Greenhouse Control Model (GDGCM) have 

been developed (De Zwart, 1996; Gong et al., 2017; Hemming et al., 2014; Körner et al., 2007; 

Mashonjowa et al., 2013; Morille et al., 2013; Vanthoor et al., 2011) which demonstrate that the 

using climate models for predicting variables such as temperature, CO2 concentration, and 

humidity, can be used to optimize the design of a greenhouse in terms of water savings, energy 

usage, and profitability. Positioning of the sensors is also important, as Ahonen et al. (2008) 

demonstrated that environmental variables such as heat, light and humidity vary with location 

within a greenhouse, as well as with external weather conditions. Therefore, two different 

layouts of the sensors may produce different interpretations of the greenhouse microclimate. 
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The objectives of this study were to 1) quantify variations in microclimate of various 

greenhouses using evaporation rate as an integrated indicator, 2) quantify variation in growing 

substrate VWC in two greenhouse crop production systems, and 3) to determine whether sensor-

based irrigation systems are suitable for monitoring and controlling irrigation of crops under 

greenhouse conditions.  

2.2 Materials and methods 

2.2.1 Determination of sensor variability. 

The sensors (GS3; Decagon Devices Inc., WA, USA) used throughout this experiment 

are frequency domain reflectometry sensors, which determine the growing substrate VWC by 

measuring the dielectric constant of the growth medium. The sensors minimize the effect of 

salinity and texture of the substrate by using a frequency of 70 MHz (Decagon Devices, 2016). 

The variability of the soil moisture sensor readings was tested by measuring the VWC (m3·m-3) 

of two types of growing substrate when the substrates were dry and saturated to container 

capacity. A round plastic container (15.2 cm diameter) was filled with Sunshine Mix #4 (63% 

peat moss, 37% perlite; Sun Gro Horticulture Ltd., MA, USA) in the received state. This was 

considered the dry sample. All sensors were inserted from the top surface of the growing 

substrate in the container, one at a time; and the VWC of the substrate was measured and 

recorded. In between each sensor insertion, the growing substrate was mixed thoroughly to 

prevent introducing air between the prongs in between insertions. The sensors were connected to 

a ProCheck Handheld Meter (Decagon Devices, Pullman, WA, USA), which allows information 

from the sensor to be read instantaneously. Once each sensor had been tested in the dry sample, 

water was added evenly to the surface of the container until drainage occurred, and the growing 

substrate was mixed thoroughly. The container was allowed to stand for 5 minutes before 
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measuring VWC using the same sensors. This was considered the “wet” sample. This procedure 

was also conducted with Sunshine Mix #1 (75% peat moss, 25% perlite; Sun Gro Horticulture 

Ltd.).  

2.2.2 Bellflower cultivation, growth and substrate moisture content measurements. 

Bellflower (Campanula portenschlagiana ‘Get Mee’) 5-6 leaf seedling were transplanted 

into 10.2 cm diameter by 11.2 cm height containers containing a peat moss-based soilless 

growing substrate [BM6 All-Purpose mix (78% peat moss, 22% perlite); Berger Ltd., QC, 

Canada] and grown in a commercial greenhouse in Southwestern Ontario, Canada (Greenhouse 

A). Substrate VWC was monitored and recorded using moisture sensor (GS3) plugged into data 

loggers (EM50; Decagon Devices Inc.) at 4-minute intervals over the entire growth cycle. 

Sensors were inserted into the substrate from the top, with sensor prongs close to the center of 

the container. There were 30 containers, each with one moisture sensor. The 30 containers were 

evenly distributed across three sub-irrigation tables (1.6 x 4.3 m). There were approximately 680 

containers in total on each table, and 10 containers with sensors. Plants were managed by the 

grower following their normal protocol and irrigation of plants was controlled by the commercial 

grower based on their previous experience. Greenhouse heat was maintained to 17.5°C, and 

vents were set to open at 20.5°C. Mean temperature outside the greenhouse during the 

experiment was 4.8°C. Plants were irrigated with a nutrient solution using sub-irrigation tables. 

The nutrient solution was made using a fertilizer containing 17% N-2.18% P-14.1% K mix with 

micronutrients and tap water to an electrical conductivity (EC) of 1.8 dS·m-1. The plants were 

spaced twice at 5 and 8 weeks after transplanting. Plant height, and the length and width of each 

plant canopy were measured weekly. The growth index (GI) was calculated according to the 

formula GI = (Heightcanopy x Widthcanopy x Lengthcanopy)/300 (Ruter, 1992). Plants were graded by 
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the head grower alone at the end of the production period based on the following criteria: If no 

growing substrate could be seen from above, the plant received an A grade; if substrate could be 

seen from above, the plant received a B grade and was not acceptable for sale. Further grading of 

bellflower was based on approximation of the % of flowering; a grading of 0 means that no buds 

have flowered, a grading of 1 was given for 0-25% flowering, a grading of 2 was given for 25-

50% flowering, a grading of 3 was given for 50-75% flowering and any flowering above 75% of 

buds was given a 4. The combination of letter and number grade is used by the grower to 

determine when plants should be sold. 

Shoot fresh weights were measured at the end of the trial, about 10 weeks from 

transplanting. The surface area of stems and leaves was measured using a leaf area meter (LI-

3100C; LiCOR Biosciences, Lincoln, NE, USA). Shoots were then dried at 75°C for 5 days to 

constant weight before dry weights were determined.  

2.2.3 Basil cultivation, growth and substrate moisture content measurements. 

Basil (Ocimum basilicum 'Genovese Gigante') seeds were planted in 10.2 cm diameter by 

11.2 cm height containers containing a  peat moss-based growing substrate (contains Canadian 

Sphagnum peat moss, perlite, calcite lime, compost, yucca extract, gypsum and mycorrhizae; 

Premier Tech Ltd., QC, Canada). The trial was conducted in a commercial greenhouse in 

Southwestern Ontario, Canada (Greenhouse B). Substrate VWC was monitored and recorded 

using moisture sensors (GS3), which were installed prior to planting seed, connected to data 

loggers (EM50) recording data at 2-minute intervals over the growth cycle, which was 

approximately 5 weeks. There were 24 plants with moistures sensors evenly distributed over four 

sub-irrigation tables (1.6 x 5.2 m). There were approximately 820 plants in total on each table, 

and six with sensors. Plants were irrigated using sub-irrigation tables. Greenhouse heat was 
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maintained to 17.5 °C, and vents were set to open at 20.5°C. Mean temperature outside the 

greenhouse during the experiment was 14.1°C. The nutrient solution used fertilizer containing 

17% N-2.18% P-14.1% K mix with micronutrients and tap water to an electrical conductivity 

(EC) of 1.8 dS·m-1. Plants were grown and managed by the grower following their normal 

protocol. The plants were spaced once at 4 weeks after planting. Plant height, and the length and 

width of each plant canopy were measured weekly. The GI, fresh and dry mass and surface area 

of the shoots and leaves were determined using the same methods as for the bellflower plants. 

2.2.4 Evaporation measurement. 

Evaporation variations within three different greenhouses were measured using plastic 

dishes (13.7 cm in diameter) containing tap water and placed at different locations as shown in 

Fig. 1A-C. Evaporation rates were measured in the same greenhouses used for the bellflower 

(greenhouse A; Fig. 1A) and basil experiments (greenhouse B; Fig. 1B), and the south 

greenhouse of the Vineland Research and Innovation Centre (greenhouse C; Fig. 1C). 

Greenhouse A, which was constructed in the early 2000s, had glass ceilings and polyacrylate 

walls 4.3 m high to the base of the peak, and an area of approximately 10 m x 80 m. Greenhouse 

B was constructed in 2015, with diffuse glass ceilings and polyacrylate walls which were 6.1 m 

high to the gutter and an area of approximately 10 m x 6 m; the greenhouse C was the oldest of 

the three greenhouses used, built in the 1960s, with regular glass ceilings and walls 3.7 m high to 

the base of the peak, and an area of approximately 7.5 m x 25 m. The areas mentioned reflect the 

experimental area used for monitoring plants for the entire growth cycle. Dishes were filled in 

the morning with water to depth of approximately 1.5 cm and weighed. The dishes were placed 

in their designated locations in the morning, and left for 8 hours. At the end of the 8 hours, the 

dishes were weighed to determine the amount of water lost through evaporation. Measurements 
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were conducted on the 27th (greenhouse A), 28th (greenhouse B) and 29th (greenhouse C) of April 

2016. The dish that lost the least amount of water was set as 1, and the amount of water lost in all 

other dishes was compared to this dish to produce a relative evaporation ratio. This allowed for 

more direct comparisons of the evaporation variation within a greenhouse.  

2.2.5 Substrate volumetric water content profiles. 

The pre- and post-irrigation VWC of the growing substrates were determined by 

gathering the minimum (VWCmin) and maximum (VWCmax) values of VWC before and after 

each irrigation. VWCmin was determined to be the lowest growing substrate VWC value before 

irrigation occurred. VWCmax was determined to be the value of the growing substrate VWC at 

which the substrate settled after an irrigation when runoff was observed. The change in 

volumetric water content (ΔVWC) at each irrigation was calculated as: VWCmax - VWCmin. The 

overall mean VWC (VWCavg) for the entire growth cycle was determined as the mean of all 

growing substrate VWC measurements. The coefficient of variation (CV), also called relative 

standard deviation, is a measure of variation of data in a set from the mean and is a standardized 

measure of frequency distribution of a dataset (Reed et al., 2002). The coefficient of variation is 

usually expressed as a percentage (CV %). CV % was calculated for each substrate moisture 

profile by dividing the standard deviation of a moisture profile by the mean VWC of that profile, 

then multiplying by 100. The mean, minimum, maximum and standard deviation of CV % were 

then determined for each trial. 

2.2.6  Data Analysis. 

Data for sensor variability, dish evaporation and plant growth performance were analyzed 

using Graphpad PRISM version 7.00 (GraphPad Software, LaJolla, CA, USA). The ANOVA 
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tests were computed using Minitab 17. Growing substrate types were treated as blocks, while the 

individual sensor readings and water status of growing substrate (dry and wet) were treated as 

factors. Relationships between substrate moisture content measurements and plant growth 

attributes for each crop were examined for linear correlations, with no blocking criteria.  

2.3 Results 

2.3.1 Evaporation variations within different greenhouses.  

Within each greenhouse, the measured ambient evaporation rates during the crop cycle 

were non-uniform. For the greenhouse A, the northeast corner had the lowest evaporation and the 

southeast had the highest evaporation. The evaporation rates observed at greenhouse A increased 

towards the southern end of the greenhouse, with the highest evaporation occurring in the 

southeastern corner. The western column of dishes did not show a clear trend, with rates 

decreasing to the north and south of the middle dish. The highest evaporation rate was about 1.9 

times greater than the lowest (Fig. 1A). For greenhouse B, the southeast corner had the lowest 

evaporation and the southwest corner had the highest. The evaporation rates in greenhouse B 

generally increased towards the south and west, which would be towards the center of the 

greenhouse. The exception was the dishes in the eastern column, which were close to a structural 

wall, and closest to the northeastern corner of the greenhouse. Evaporation rates appeared to 

follow a pattern of increasing rates towards the south and west of the testing area, which 

corresponds to the center of the greenhouse section. The highest evaporation rate was 1.6 times 

greater than the lowest (Fig. 1B). Within greenhouse C, the variation was high (certain locations 

had an evaporation rate 1.6 times greater than the other locations), and had no clear trend as seen 

in the two commercial greenhouses (greenhouses A and B). This is perhaps due to lower level of 

greenhouse design, which did not allow for as efficient control of the greenhouse climate. 



 
 

38 
 

 

 

 



 
 

39 
 

 

Figure 1. Layout of evaporation dishes and relative evaporation rates in the bellflower greenhouse (A), 

basil greenhouse (B) the greenhouse at the Vineland Research and Innovation Centre (C). Numbers at 

each dish represent a relative evaporation rate which is the ratio of water lost by that dish relative to the 

lowest dish. Solid lines above and to the right of graphs indicate dividing walls of greenhouse structure 

where present.  

 

2.3.2 Substrate volumetric water content profiles and variation.  

The bellflower plants were irrigated 18 times during the 74-day growth cycle. The basil 

plants were irrigated 26 times during the 36-day growth cycle. For both crops, irrigation 

frequency increased as the plants increased in size. Growing substrate VWCmin, VWCmax, and 

VWCavg were significantly higher for basil than for bellflower, while the change in substrate 

VWC at each irrigation (ΔVWC) was significantly lower for basil than for bellflower (Table 1). 

This is due to the difference in irrigation frequency between the two crops. 

VWCmin and VWCavg were positively correlated in both crop growing substrates (Fig. 2). No 

correlations were observed between VWCmin and ΔVWC for both crops (Fig. 3).  In the 

bellflower trial, substrate mean VWC coefficient of variation % (CV %) ranged from 19.0 to 

85.3%. In the basil trial, CV % ranged from 13.4 to 72.0% (Table 1). 
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Table 1. Growing substrate volumetric water content (VWC) profiles and summary of coefficient 

of variation % (CV %) of growing substrate VWC profiles of bellflower and basil plants. 
 

Substrate moisture profile (m3·m-3)  Bellflowerz Basily 

Minimum VWC (m3·m-3) 0.153 ± 0.010a, x 0.265 ± 0.013b 

Maximum VWC (m3·m-3) 0.335 ± 0.008a 0.383 ± 0.014b 

ΔVWC (m3·m-3) 0.183 ± 0.005a 0.118 ± 0.004b 

Average VWC (m3·m-3) 0.254 ± 0.010a 0.301 ± 0.015b  

Mean CV %w 42.8 26.3 

Standard deviation of mean CV % 15.2 11.0 

Minimum CV % 19.0 13.4 

Maximum CV % 85.3 72.0 
 

zData in the same row followed by the same letter are not significantly different at p=0.05.  

yData for CV % were determined using the entire data set of growing substrate VWC measurements 

during a crop cycle of 30 bellflower and 23 basil plants. 

 

 

Figure 2. Relationships between average substrate volumetric water content (VWC) and average 

minimum VWC for basil and bellflower containers. Each data point represents the average 

minimum and overall average VWC for each pot through an entire growth cycle. 
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Figure 3. Relationships between average change in volumetric water content (ΔVWC) and 

average minimum VWC of basil and bellflower containers. Each data point represents the 

average minimum and average change in VWC for one pot through an entire growth cycle. 

 

2.3.3 Plant growth and relation to growing substrate VWC.  

From transplanting to marketable size, the bellflower production time was just over 10 

weeks (See Table 2 for fresh and dry masses, height and growth index). Of the 30 plants in the 

trial, 28 received an A-grade and two received a B-grade from the commercial grower, which 

were further graded by stage. Two containers were graded A-1, five containers A-2, 18 

containers A-3, three containers A-4, one container B-0 and one container was graded B-2. There 

was no relationship observed between position of containers and measured ambient evaporation. 

For basil, it took about five weeks from seed planting to marketable size (Table 2). Basil is sold 

as an edible crop and not as ornamentals, and are therefore sold by size and not graded. 

No significant correlations were observed between VWCmin (Fig. 4), VWCmax (Fig. 5) 

and VWCavg (Fig. 6) and fresh mass, dry mass, growth index or height for either of bellflower or 

basil.  
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In bellflowers, ΔVWC was observed to have a positive linear correlation with fresh mass, 

dry mass, and growth index but was not correlated with height. In basil, ΔVWC was not 

significantly correlated with any of fresh mass, dry mass, growth index or height (Fig. 7). 

 

Table 2. Growth attributes of bellflower and basil plants determined at the end of the respective 

production cycles. 

 

Growth attribute Bellflowerz 

Mean ± SE 

Basily 

Mean ± SE 

Shoot Fresh Mass (g/plant) 54.2 ± 1.9 43.2 ± 0.9 

Shoot Dry Mass (g/plant) 6.5 ± 0.2 3.87 ± 0.1 

Height (cm) 12.0 ± 0.3 23.0 ± 0.5 

Growth Index 25.2 ± 1.2 42.0 ± 1.4 
 

zData for height of bellflower are mean ± standard error (SE) of 30 plants.  

yData for height of basil are mean ± SE of 23 plants.  
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Figure 4. Response of plant fresh mass, dry mass, growth index and height to average minimum 

growing substrate volumetric water content (VWCmin) of bellflower (A, C, E, and G) and basil 

plants (B, D, F and H). 
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Figure 5. Response of plant fresh mass, dry mass, growth index and height to average maximum 

growing substrate volumetric water content (VWCmax) of bellflower (A, C, E, and G) and basil 

plants (B, D, F and H). 
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Figure 6. Response of plant fresh mass, dry mass, growth index and height and average growing 

substrate volumetric water content (VWCavg) of bellflower (A, C, E, and G) and basil plants (B, 

D, F and H).  
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Figure 7. Response of plant fresh mass, dry mass, growth index and height and average change 

in growing substrate volumetric water content (ΔVWC) of bellflower (A, C, E, and G) and basil 

plants (B, D, F and H).  
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2.3.4 Sensor variability.   

The null hypothesis tested was that any two GS3 soil moisture sensors measured the same 

VWC when inserted into a sample of growing substrate. A p-value of 0.995 was determined 

through ANOVA for the individual sensor readings, indicating that the sensors did not read 

significantly different values for the same volumetric water content (VWC) of the substrates they 

were in. P-values of <0.001 were determined for both the comparisons between the blocks (the 

two substrate types), and for the values of the VWC of wet and dry soils. This indicated that any 

two sensors read the same value when inserted into the same substrate, and can be treated as 

equal sensors.  

2.4 Discussion 

2.4.1 Evaporation variations within different greenhouses.  

The three greenhouses observed in this study were chosen to approximately represent the range 

of greenhouse design in southern Ontario. Greenhouse A is an example of the most common or 

mid-level greenhouse design. Greenhouse B, the most recently constructed greenhouse, is an 

example of newer, higher technology greenhouses. Finally, greenhouse C is an example of the 

oldest design of greenhouses in Ontario. In commercial greenhouses, growers attempt to provide 

the same amount of water to all individual plants within a crop. However, microclimate 

differences within greenhouses can cause large variations in plant evapotranspiration and 

substrate volumetric water content (VWC) within a greenhouse (Stanghellini and van Meurs, 

1992). Variations can be caused by factors such as greenhouse structure, air flow, temperature, 

humidity, lighting and method of irrigation (Teitel, 2007). The magnitude of variation in VWC 

caused by each of these factors is dependent on the location of a plant within the greenhouse. 
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Even within modern greenhouses such as the basil greenhouse (Greenhouse B) in this study, 

which used more sophisticated technology such as diffuse glass, vertical airflow fans and 

humidity regulators, variations in substrate VWC may still be large.  

The differences in ambient evaporation rates throughout the greenhouses may have caused 

differences in the evapotranspiration of plants similar to that reported by Stanley and Harbaugh 

(1992). In greenhouse A, the evaporation rates were similar (relative rates between 1.0-1.2) with 

the exception of the south-east corner (relative rate of 1.9). This large variation cannot be 

explained by a change in greenhouse design at this location, as all measurements were taken 

within the same section. A combination of external factors, such as weather conditions, may 

have caused an increase in the rate of evaporation at this location. In greenhouse B, the rates had 

a more clear trend of increasing from east to west, away from the greenhouse wall and from 

north to south, which was towards the center of the greenhouse. 

Greenhouse C had less advanced climate control compared to the newer greenhouses. The 

ambient evaporation differences at this location had less a clean trend compared to the other 

greenhouses, and variations in evaporation did not appear to follow a pattern. This demonstrates 

that older greenhouse operations may be more difficult to keep plants watered evenly due to the 

higher variation in microclimates and eventually in evaporation rates.  

Each of these greenhouses differed from the others in terms of date of construction of the 

greenhouse; greenhouse A was approximately 15 years old, greenhouse B was about one year 

old, while greenhouse C was constructed in the 1960s. Variation was less predictable in 

greenhouse C when compared to the bellflower and basil commercial operations. The presence 

of variations in ambient evaporation between greenhouse operations indicates that despite the 

best efforts of modern greenhouse construct and technology, greenhouse microclimate variations 
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have not been completely eliminated and may be significantly affecting the water demand and 

usage of crops in these greenhouses. However, it is difficult to directly compare ambient 

evaporation measurements and variation between greenhouses of different dates of construction 

(i.e., different levels of technologies used), climate control, and materials used in the 

construction of the greenhouse. 

2.4.2 Substrate volumetric water content (VWC) profiles and variation.  

The large differences in average growing substrate VWC for the entire crop cycle 

between the two crops (between 0.14 and 0.33 m3·m-3 for bellflower vs. 0.20 and 0.46 m3·m-3 for 

basil) suggested that the preference of the basil grower at greenhouse B was to maintain a higher 

VWC to keep the growing substrate wet, while the bellflower grower at greenhouse A allowed 

the growing substrate to become dryer. The reasons the growers have for maintaining different 

levels may be explained by differences in water requirements between species, or by differences 

between the growing substrates. As mentioned previously, water requirements of many crops 

have not been scientifically determined (Burnett and van Iersel, 2008), and most irrigation 

scheduling is based off the experiential knowledge of a grower. 

VWCmin and VWCavg for both crops were positively correlated which is to be expected; a 

higher VWCmin throughout a growth cycle indicated a higher VWCavg. No significant 

relationship was observed between VWCmin and ΔVWC, which indicated that the amount of 

water absorbed by the growing substrate at each irrigation (i.e. ΔVWC) was dependent on how 

dry the substrate was. Other factors such as physical composition of the growing substrate and 

amount of root growth also contributed to substrate rewetting. It is important for growers to 

consider the rewetting ability of a growing substrate when scheduling irrigation, especially in 

systems which use timers rather than monitoring the VWC of a growing substrate. 
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The differences in values of CV % suggested that the bellflower crop exhibited a larger 

variation of VWC within the crop when compared to the basil. A possible explanation for this 

may be the more consistent climate control within the greenhouse B, which subjected plants to 

more uniform environmental conditions than the bellflowers. Another explanation is that the 

more frequent watering of the basil crop prevented the effects of the environmental variations 

from becoming too large. The bellflowers were allowed to reach a lower growing substrate VWC 

according to the grower’s practice, allowing for the differences in evapotranspiration to become 

more apparent.  

The minimum and maximum CV % values observed were also higher in bellflowers than 

in basil, which suggested that variability was higher in the bellflower crop than in the basil, 

which was likely due to a combination of environmental factors. Given that irrigation methods 

were the same in both locations (sub-irrigation using flooding tables), the variation must be due 

to differences in greenhouse microclimate and irrigation regimes, as well as species water 

requirements and growing substrates used. The low CV % observed in basil may be in part due 

to the more frequent irrigation compared to the bellflowers. Since the bellflowers were irrigated 

less frequently, the effects of variations in greenhouse microclimate on the growing substrate 

VWC and evapotranspiration were more obvious than for the basil crop. Irrigating more 

frequently would be able to counteract the effects of greenhouse microclimate differences by 

saturating the substrate more often. The greenhouse B was also newer than the greenhouse A, 

and had more advanced systems for climate control, which could have contributed to the lower 

CV % observed. Additionally, the results of the sensor consistency test indicated that variations 

in growing substrate VWC measurements were not due to differences between two sensors but 

were caused by external factors, as the test showed that none of the sensors produced 
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significantly different measurements from any other when inserted into a sample of dry or wet 

growing substrate. 

2.4.3 Plant growth and relation to growing substrate VWC.  

Given that basil are sold as edible plants while bellflowers are sold as ornamental 

flowers, consistency in mass is more important for the basil grower while more consistent height, 

size, and the timing of flowering is more important to the bellflower grower. Timing of 

flowering and variations of flowering within a crop can be interpreted from the commercial 

grower’s ratings given to each of the plants. Of the 30 bellflower plants observed, only 2 

received a B-grade and 28 received an A-grading, with the majority of plants being graded A-3. 

This grading means that the majority of the plants were in approximately the same stage of 

flowering. 

Few relationships between measured growth attributes and substrate VWC were 

observed. A chronically low VWCmin indicates that the growth substrate was allowed to become 

too dry and a significant amount drought stress would be imposed upon the plants. Conversely, a 

high VWCmin would indicate a potential over-watering, which can also negatively affect the 

growth of a plant. There was no observed relationship between VWCmin and growth of 

bellflowers, which suggests that VWCmin was within an acceptable range for the plants. In basil, 

VWCmin was also not correlated with any of the measured variables, which suggests that for the 

range of VWCmin values observed, the growth of basil was not dependent on the VWCmin
 reached 

before an irrigation occurred. This may also suggest that the irrigation regimes of the basil and 

bellflower plants did not allow the VWCmin to decrease to a level where the effect of larger plant 

canopies using more water than smaller plant canopies to become too apparent. For both crops 

plant growth appeared to be independent of the range of growing substrate VWCmin observed. 
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However, outside this range, plants may experience drought stress (if VWCmin is too low) or 

flooding stress (if VWCmin is too high). This indicates that, through experiential knowledge, the 

growers at both greenhouses triggered irrigation within a range of acceptable VWCmin for both 

crops. Evidence of the flexibility of crops with respect to VWC ranges, as opposed to requiring 

well-defined ranges, for other greenhouse crops and some nursery crops has been observed by 

Cayanan (2009) and Zheng et al. (2013). 

The VWCmax was not observed to have a significant correlation with any measured 

growth attributes in either bellflower or basil, which suggests that the VWCmax experienced by 

plants of either species was not high enough to impose flooding stress (oxygen deficiency). 

Flooding a growth substrate decreases the concentration of dissolved oxygen, which can have a 

negative impact on the plant growth (Zheng et al., 2007). Flooding stress is defined as chronic 

over irrigation and is known to decrease plant metabolism and slow growth rates (Olivella et al., 

2000, Singh et al., 1991). Since flooding would have a negative effect on the growth of the crop, 

it is expected that if chronic flooding had occurred in either the bellflower or basil trail, a 

negative relationship would be observed. Our results show that in bellflowers, plants of similar 

mass and size were produced when VWCmax ranged from 0.15 m3·m-3 to 0.30 m3·m-3 and for 

basil, similar plants were produced when VWCmax ranged from 0.20 to 0.40 m3·m-3.  

Similar to VWCmax, our results show that in bellflowers, plants of similar mass and size 

were produced when VWCavg ranged from about 0.15 m3·m-3 to 0.3 m3·m-3; and for basil, similar 

plants were produced when VWCavg ranged from about 0.2 to 0.4 m3·m-3. The use of VWCavg 

may not be a suitable metric for determining how well a plant may grow, especially in crops such 

as bellflower which has a relatively long production cycle. Instead, the VWCmin reached may be 

useful to ensure that drought stress is not experienced by a crop. Additionally, the VWCavg of a 
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longer production cycle may be misleading as there is more opportunity for fluctuations in the 

growing substrate’s water content between the early stage when plants were small, and the later 

stage when plants were large. 

If the average VWC of a substrate is not a useful metric, the range from VWCmin to 

VWCmax (ΔVWC) may be more useful. Kiehl et al. (1992) showed that exposing 

chrysanthemums to a larger range of soil moisture tensions yielded better growth than plants kept 

at a constant or smaller range of soil moisture tensions. This observation was also partially 

reflected in the bellflower measurements, where ΔVWC was positively correlated with FWT, 

DWT, and GI of the bellflower plants.  For the basil plants however, ΔVWC did not have any 

significant correlations with growth measurements. While it is possible that exposing plants to a 

larger ΔVWC may have allowed for better growth, it is more likely that plants with a larger 

canopy size had a higher water requirement and therefore removed more water from the growing 

substrate which would increase their respective ΔVWC. 

From this research alone it is not possible to make a definitive conclusion on the efficacy 

of the irrigation regimes observed, but it can be concluded that a significant amount of variation 

within the substrate VWC of both crops were present under the two commercial greenhouse 

settings. While this variation appears to be large in some cases, the lack of significant 

correlations between size (height and growth index), weight (fresh and dry masses), and the 

growing substrate VWC, whether that be minimum, maximum, or average VWC suggest that 

plants are able to tolerate variable conditions within a certain range. The lack of observed 

significant relationships also suggests that plants did not experience sufficient drought or 

flooding stress to negatively affect their growth. This flexibility will allow sensor-based 

feedback control irrigation systems to be used if the appropriate number of sensors are used and 
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the sensors are placed in the right locations. The number of sensors and where to place them 

depends on the unique microclimate situation of the greenhouse. 

The differences in environmental conditions observed between two modern commercial 

greenhouses suggested that sensor-based feedback control systems for irrigation can be a useful 

tool for irrigation scheduling, if properly implemented. Some research has been done in the 

usage of wireless sensor networks in the automation of irrigation in nursery production of shrubs 

and trees (Baleyneh et al., 2013, Lea-Cox et al., 2013, Lichtenberg et al., 2013), but these studies 

do not explore the possibility of microclimate variation and its relationship with irrigation. To 

properly implement a soil moisture sensor-based control system, conditions such as variation of 

evaporation and microclimatic differences must be understood. Ambient evaporation is an 

integrated reflection of factors such as temperature, air flow, VPD and PAR at a given position 

(Stanley and Harbaugh, 1992). Sensors should be placed in areas of a greenhouse with differing 

levels of evaporation (e.g. areas of high, low and average evaporation) to accurately monitor the 

water status of a crop. The number of sensors is dependent on the magnitude of variation and the 

sensitivity of the crop of interest to water stress. Greenhouses with high variation, or species that 

are sensitive to water stress would require a larger number of sensors for a soil moisture sensor-

based irrigation control system. For species that can tolerate larger ranges of substrate moisture 

content or greenhouses with less microclimatic variation, fewer sensors would be required for the 

irrigation control system.  

While the VWC of the growing substrate of the bellflower plants had a higher variation 

in growing substrate VWC than the basil plants, the growth of the plants was mostly independent 

of the growing substrate VWC within the ranges observed. This higher variation may be due to 

differences in environmental variation which were observed between the commercial 
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greenhouses, grower practice in irrigation, or differences in the physical properties of the 

growing substrates. If a grower desired to automate irrigation scheduling, the amount of sensors 

required to produce the same results as the current practice would be higher in the bellflower 

greenhouse than for basil. However, from the results observed, bellflower and basil have been 

shown to be flexible in their water requirements, which would be advantageous for automating 

irrigation in the current greenhouse systems. Given this flexibility in acceptable growing 

substrate VWC range, a sensor-based system could be used to control the irrigation of a 

greenhouse. If the microclimate variations become too large, or if a species is more sensitive to 

substrate VWC, using sensors to monitor the crop may be impractical due to the number 

required. Under these circumstances, other means of measuring plant water status, such as 

thermal or spectral measurements of plant canopies may be more suitable.  

 

2.5 Conclusion 

Our results showed that there were large microclimate variations within individual 

greenhouses as measured in southwestern Ontario, Canada. Generally, the variations were larger 

in older greenhouse than in newer greenhouses. The variations in microclimate and other factors 

caused large variations in growing substrate water content profiles, such as VWCmin, VWCmax, 

VWCavg and ΔVWC. Despite these large variations in microclimate, the growth and quality of 

both the bellflower and basil crops were not affected by irrigation amount and frequency. This 

suggested that substrate moisture sensor-based feedback control irrigation systems can be 

applied in these greenhouse crop production systems for the controlling of greenhouse irrigation.  

However, the lowest substrate moisture content to be used as a triggering value for irrigation 

event to be initiated, as well as the number of sensors needed in a greenhouse is dependent on 
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factors such as greenhouse conditions, crop species and growing substrate type. If microclimate 

variation within the greenhouse is large, or if plants have a narrower range of acceptable growing 

substrate VWC, then more sensors are needed. Greenhouses with lower microclimate variation 

or plants with a larger range of acceptable growing substrate VWC would require fewer sensors. 

Further research is required to determine optimal growing substrate VWC for initiating irrigation 

events for different crops, and how to determine the number of growing substrate VWC sensors 

needed within a greenhouse of a given size and magnitude of microclimate variation.  
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Chapter 3: Determination of Growing Substrate Volumetric Water Content 

Thresholds for Optimized Fertigation of Greenhouse Crops 

3.1 Introduction 

Management of fertigation is critical for the successful production of greenhouse crops. 

Over-fertigation and under-fertigation can both impose different stresses upon a crop and should 

therefore be avoided for optimal growth. However, the optimal irrigation requirements of many 

greenhouse crops remain unknown (Burnett and van Iersel, 2008). Knowing how much to 

irrigate, when to irrigate, and how to deliver this water to a crop are three questions that must be 

answered to properly manage fertigation (Fereres et al., 2003). The most important of these three 

is when to irrigate.  

It is important to ensure that plants receive the correct amount of water. Over-fertigation 

causes poor aeration of the root zone, which can lead to oxygen deficiency. This can then lead to 

issues with root development, nutrient uptake and disease susceptibility (Chérif et al., 1997; 

Zheng et al., 2007). Over-fertigation can be an issue in greenhouse, as growers tend to prefer 

over-fertigation to under-fertigation and as a result will sometimes water crops in excess to 

prevent drought stress (Nemali and van Iersel, 2008). A study by Chérif et al. (1997) on 

greenhouse-grown tomatoes subjected to different levels of root zone oxygen concentrations 

showed the effects of low level of root zone oxygen on plant roots. Tomato with low root zone 

oxygen concentration showed symptoms of root rot earlier than those with higher root zone 

oxygen concentration. When inoculated with Pythium spp., plants with high root zone oxygen 

concentration were less susceptible than the plants with root zone oxygen concentrations that 

were lower than 5 mg·L-1. In addition to increased disease susceptibility, photosynthetic activity 
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and respiration of Gerbera jamesonii decrease when subjected to flooding stress. This leads to a 

decrease in overall productivity of the plant, which reduces growth and eventually leads to root 

death (Olivella et al., 2000). It is important to consider that a volumetric water content (VWC) 

threshold is not too high when determining a minimum threshold of growing substrate VWC at 

which fertigation events occur, so that plants are not subject to flooding stress. Under-fertigation, 

commonly known as drought stress, can negatively impact the growth and yield of a crop due to 

the lack of available water. Sinclair et al. (1998) estimated that when 25-30% of the maximum 

available water remains in the substrate, gas exchange of plants begins to be effected. Before this 

point, water is freely available to the roots. This point may vary depending on the composition of 

the soil, which would affect the water potential matrix of the substrate. The effects of drought 

stress on growth rate have been examined for some species of greenhouse crops (Niu et al., 2006, 

2007), but the water requirements of many crops are still not determined. 

In addition to the possibility of imposing stress upon a crop, there is pressure upon 

growers in commercial operations to optimize their water usage, with the intent of reducing 

wasteful water usage and therefore limiting the amount of fertilizer leaching (Thompson et al., 

2007a; b). Fertigation for agriculture accounts for a large portion of the total water diverted 

worldwide, up to 65% of total water diverted (Fereres et al., 2003). Agriculture, therefore 

presents an opportunity for significant savings if the fertigation of crops was to be optimized.  

Reducing water usage in commercial greenhouse operations is not the only benefit of 

determining an optimal growing substrate threshold , it’s also the first step towards fully 

automating the fertigation of a greenhouse crop, and could provide significant savings of time 

and money. The current practice of growers is to walk and manually check on plants within a 

crop, then make fertigation decisions based off the status of these plants and other environmental 
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climate data. For most greenhouse operations, this means that a large amount of time is spent 

walking and checking rows of plants. For example, in a typical commercial greenhouse operation 

about 3 hectares in size, there are approximately 16 km of rows of plants to monitor (Wspanialy 

and Moussa, 2016). By placing soil moisture sensors throughout a greenhouse, the water status 

of crops could be monitored remotely, allowing the process of making fertigation decisions to 

become more efficient if a minimum optimal threshold of growing substrate VWC were 

determined. This increased efficiency would allow growers and scouts to better manage their 

time, saving the greenhouse operation labour costs in addition to the potential optimized water 

savings. 

In our previous study, where two crops were monitored under commercial greenhouse 

conditions for an entire crop cycle (Henderson et al., 2017). It is observed that the growth of the 

crops examined (basil and bellflower) is not related to the minimum or maximum growing 

substrate VWC exhibited throughout the growth cycle. This suggests that the involved 

commercial growers maintain crops within the optimal substrate water content range and that 

plants are not exhibiting drought or flooding stress. Commercial growers determine an 

approximate threshold for their respective crops through exhibit and observation and tend to 

schedule fertigation around them. While some growers may be checking the growing substrate 

VWC, most growers tend to schedule fertigation in a more subjective manner (as through their 

experience and checking plants manually). Quantifying a growing substrate VWC threshold for a 

crop, is essential for optimizing and automating the fertigation of greenhouse crops.  

The objective of this study was to determine the optimal growing substrate VWC at 

which a fertigation event should be triggered for producing potted basil and bellflower under 

greenhouse conditions.  
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3.2 Materials and Methods 

3.2.1 Basil cultivation and growth measurements. 

Basil (Ocimum basilicum 'Genovese Gigante') seeds were planted in 10.2 cm diameter by 

11.2 cm height pots containing a proprietary blend of a peat moss-based growing substrate 

(contains Canadian Sphagnum peat moss, perlite, calcite lime, compost, yucca extract, gypsum 

and mycorrhizae; Premier Tech Ltd., QC, Canada) in a commercial greenhouse in Southwestern 

Ontario, Canada on 8 February 2017. Plants were transferred to the south greenhouse at the 

Vineland Research and Innovation Centre (Vineland Station, Ontario, Canada) on 3 March 2017 

and grown until 28 March 2017. 140 basil plants were spaced evenly on a bench measuring 1.0 

m x 4.6 m with one row of plants on the periphery of the bench, to reduce the edge effect. 90 of 

these basil plants were part of the experiment, with the remaining 50 plants forming the edge. 

Greenhouse air temperature was maintained at 25°C ± 3°C during the day (6:00 to 18:00) and 

20°C ± 3°C during the night. The experiment was a randomized complete block design with 

three blocks, six treatments (i.e., with fertigation events triggered when the growing substrate 

VWC reached 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40 m3·m-3) and five pots per treatment in each 

block. Fertigation was manually triggered when growing substrate VWC of each block reached 

their respective thresholds. To minimize the location effects within the greenhouse, pots within 

each block were repositioned daily. Height and growing substrate VWC of basil plants were 

measured daily. Average height of basil plants was measured near the beginning, middle and end 

of the experiment. Plants were duration based on the length of crop cycles observed by the 

commercial grower. Before the harvest of the plants, the local commercial grower was asked to 

evaluate all plants and to select the optimal treatment. Labels indicating the treatment groups 

were removed to reduce the potential for bias. Leaf area was measured using a leaf area meter 
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(LI-3100C; LiCOR Biosciences, Lincoln, NE, USA) at final harvest. Shoot fresh mass measured 

at the end of the trial, and then stored and dried at 75°C for 7 days to constant mass before the 

dry masses of the plants were determined.   

3.2.2 Bellflower cultivation and growth measurements. 

Bellflower (Campanula portenschlagiana ‘Get Mee’) 5-6 leaf seedling were transplanted 

into 10.2 cm diameter by 11.2 cm height pots containing a peat moss-based soilless growing 

substrate (BM6; Berger Ltd., QC, Canada) and grown in a commercial greenhouse in 

Southwestern Ontario, Canada for approximately 8 weeks prior to the experiment. Plants were 

transferred to the same greenhouse for the above basil trial at the Vineland Research and 

Innovation Centre on 24 February 2017 and grown until 16 March 2017. Environmental 

conditions for the basil and bellflower portions of the experiment were the same. 140 bellflower 

plants were spaced evenly on a bench measuring 1.0 m x 4.6 m, with one row plants on the 

periphery to reduce the edge effect. 90 of these bellflower plants were part of the experiment, 

with the remaining 50 plants forming the edge. Plants were separated into their treatment groups 

and blocks following the same protocol as the basil plants. The six VWC thresholds used for 

triggering fertigation events for the bellflower plants were 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30 

m3·m-3. Plants were also rearranged daily following the same protocol as the basil plants. 

Average height of bellflower plants was measured at the beginning, middle and end of the 

experiment. Plants were harvested based on the length of crop cycles observed by the 

commercial grower. Before the harvest of the plants, the local commercial grower was asked to 

evaluate all plants and to select the optimal treatment. Labels indicating the treatment groups 

were removed to reduce the potential for bias. Height, shoot fresh mass, dry mass and surface 

area measurements were determined using the same methods as the basil plants. 
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3.2.3 Determination of fertigation thresholds. 

Fertigation was manually triggered when growing substrate VWC reached a specific 

value or threshold. These thresholds were based on our previous experiments on basil and 

bellflower (chapter 2), where data were collected for the entire growth cycles under commercial 

greenhouse conditions. Six thresholds were chosen for each of basil and bellflower: four 

thresholds which represented the range of growing substrate VWC observed under commercial 

conditions (0.20 to 0.35 m3·m-3 for basil and 0.10 to 0.25 m3·m-3 for bellflower), one threshold 

below the observed commercial range (0.15 m3·m-3 for basil and 0.05 m3·m-3 for bellflower), and 

one threshold above the observed commercial range (0.40 m3·m-3 for basil and 0.30 m3·m-3 for 

bellflower). 

3.2.4 Substrate moisture content measurements, fertigation decisions and application of 

fertigation. 

For both the basil and bellflower trials, growing substrate VWC was measured daily 

using a random sample pot from each block and for each treatment. Growing substrate VWC was 

measured using a soil moisture sensor (GS3; Decagon Devices Inc., WA, USA) connected to a 

ProCheck Handheld Meter (Decagon Devices Inc.). If the measured value of the growing 

substrate VWC was at or below the threshold for the treatment, the five plants in the block were 

fertigated. Fertigation was applied using plastic trays (26.5 cm x 54.5 cm) filled to a depth of 4 

cm with nutrient solution to simulate the sub-fertigation practice of the commercial growers in 

the Southwest Ontario. Plants were allowed to sit in the trays for approximately ten minutes. The 

nutrient solution was made using a fertilizer containing 20% N-3.49% P-16.60% K mix with 

micronutrients (Master Plant-Prod Inc., ON, Canada) and tap water to an electrical conductivity 

(EC) of 2.0 dS·m-1. Growing substrate VWC was checked twice daily, once at approximately 
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8:30 am and a second time at approximately noon. Plants were never fertigated more than once a 

day, which was consistent with the practice of local growers. If a block was fertigated, the 

growing substrate VWC of the sample used to make the fertigation was recorded after fertigation 

as well.  

3.2.5 Data Analysis. 

Data for plant growth performance was analyzed in Minitab 17 (Minitab Inc., State 

College, PA, USA). Means of blocks were tested for significant differences, and no significant 

differences were found. As there were no significant differences between blocks, data from each 

of the three blocks per treatment were pooled. Relationships between substrate moisture content 

thresholds for fertigation and plant growth attributes for each crop were examined for linear 

correlations, with no blocking criteria.  

3.3 Results  

3.3.1 Basil response to fertigation. 

For each VWC threshold, the number of fertigation events per block was approximately 

the same. Over the entire period of the experiment, all blocks within a treatment were watered at 

approximately the same time. At the beginning of the experiment, when plants were small, some 

blocks for the same threshold were not watered while others were. Eventually, as plants grew, all 

blocks of the same threshold required to be fertigated on the same day. The number of fertigation 

events increased with the increasing VWC thresholds for fertigation (Fig. 1). The growing 

substrate VWC on days before irrigation occurred was at or below the threshold for each 

treatment (Table 1). The rule of fertigating only once per day resulted in that sometimes the 
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plants were not fertigated even when VWC went below the thresholds, especially in treatments 

of higher thresholds. 

 

Fig 8. Relationship between the number of fertigation events and growing substrate volumetric 

water content (VWC) at which the fertigation events were triggered for basil. Data points are 

means ± SE of three blocks for each threshold.  

 

Table 3. Growing substrate volumetric water content (VWC) of basil before fertigation occurred. 

VWC threshold (m3·m-3) VWC (before irrigation) ± SE (m3·m-3)z 

0.15 0.150 ± 0.02 

0.20 0.183 ± 0.02 

0.25 0.220 ± 0.01 

0.30 0.241 ± 0.01 

0.35 0.283 ± 0.02 

0.40 0.308 ± 0.01 
zData are mean ± SE of 3 blocks per threshold each day before fertigation occurred.  

 

The average heights of plants from each treatment were not significantly different at 23 

and 36 days after seeding (DAS). The heights of plants fertigated at a threshold of 0.40 m3·m-3 

were higher than those fertigated at the other thresholds, at 48 DAS. At final harvest, plants 
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fertigated at 0.40 m3·m-3 were taller than the other treatments, and appeared to be elongated or 

‘stretched’. No significant relationship was observed between height of basil plants and growing 

substrate VWC threshold (Table 2). 

 

Table 4. Height of basil at the beginning, middle and end of the experiment. 

VWC threshold (m3·m-3) Height ± SE (cm) at days after seedingz 

23 daysy 36 daysy 48 daysy 

0.15 4.1 ± 0.07a 10.8 ± 0.12a 23.4 ± 1.02a 

0.20 4.3 ± 0.01a 10.1 ± 0.15a 23.2 ± 0.64a 

0.25 4.4 ± 0.10a 10.7 ± 0.12a 22.8 ± 0.65a 

0.30 4.4 ± 0.04a 11.6 ± 0.48a 23.9 ± 1.14a 

0.35 4.4 ± 0.07a 10.8 ± 0.12a 23.8 ± 1.24a 

0.40 4.4 ± 0.10a 11.4 ± 0.26a 28.6 ± 0.71b 
zData are mean ± SE of 15 plants per threshold at 23, 36 and 48 days after seeding.  

yData in the same column followed by the same letter are not significantly different at p=0.05. 

 

Significant positive linear relationships were observed between the fresh mass, dry mass, surface 

area of basil shoots and increasing growing substrate VWC thresholds from 0.15 to 0.40 m3·m-3 

(Fig. 9).  
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Fig 9. Relationship between fresh mass, dry mass, and surface area of basil plants and growing 

substrate volumetric water content (VWC) threshold at which fertigation events were triggered.  
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At the end of the experiment, a local commercial grower involved in the trial evaluated the plants 

and concluded that the fertigation threshold of 0.25 m3·m-3 was the optimal treatment in terms of 

size, shape, colour and uniformity of the plant canopy from marketability point of view.  

3.3.2 Bellflower response to fertigation. 

For each treatment, the number of fertigation events per block was the same. As 

expected, the number of fertigation events increased with the increasing growing substrate VWC 

thresholds for fertigation (Figure 3). As previously mentioned for bellflower, the rule of 

fertigating only once per day resulted in that sometimes the plants were not fertigated even when 

VWC went below the thresholds (Table 3).  

 

Fig 10. Relationship between the number of fertigation events and growing substrate VWC at 

which fertigation events were triggered for bellflower. Data are means ± SE of three blocks for 

each threshold. 
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Table 5. Growing substrate volumetric water content (VWC) of bellflower before fertigation 

occurred. 

VWC threshold (m3·m-3) VWC (before irrigation) ± SE (m3·m-3)z 

0.05 0.055 ± 0.01 

0.10 0.082 ± 0.01 

0.15 0.130 ± 0.01 

0.20 0.196 ± 0.02 

0.25 0.240 ± 0.01 

0.30 0.276 ± 0.01 

zData are mean ± SE of 3 blocks per threshold each day before irrigation occurred.  

The average height of plants from each treatment was similar to each other at 56 days 

after transplanting (DAT). The average height of plants fertigated at a threshold of 0.05 m3·m-3 

was significantly lower than the remaining five treatments at 63 DAT, as well as at the end of the 

trial (72 DAT; Table 4).  

 

Table 6. Height of bellflower plants at the 56, 63 and 72 days after transplanting. 

VWC threshold (m3·m-3) Height ± SE (cm) at days after transplantingz 

56 daysy 63 daysy 72 daysy 

0.05 8.1 ± 0.19a 9.2 ± 0.07a 11.3 ± 0.06a 

0.10 8.6 ± 0.10a 10.1 ± 0.08b 12.3 ± 0.20b 

0.15 8.1 ± 0.33a 10.2 ± 0.23b 12.0 ± 0.16b 

0.20 8.5 ± 0.12a 10.5 ± 0.09b 12.2 ± 0.16b 

0.25 8.4 ± 0.28a 11.1 ± 0.46b 12.6 ± 0.28b 

0.30 8.3 ± 0.21a 10.6 ± 0.40b 12.6 ± 0.57b 

zData are mean ± SE of 15 plants per threshold at 56, 63 and 72 days after transplanting.  

yData in the same column followed by the same letter are not significantly different at p=0.05. 

 

A significant quadratic relationship was observed between fresh mass, dry mass, and surface area 

of bellflower shoots and increasing growing substrate VWC threshold (Fig. 11).  
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Fig 11. Relationship between fresh mass, dry mass and surface area of bellflower plants and 

growing substrate volumetric water content (VWC) threshold at which fertigation events were 

triggered. 
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Plants fertigated at thresholds of 0.15, 0.20, 0.25 and 0.30 m3·m-3 were considered 

acceptable by the local commercial grower based on the aboveground plant size, shape and 

colour of the canopy; however the grower considered the root development of plants fertigated at 

a threshold of 0.30 m3·m-3 to be poorer than the other treatments. These plants were still 

acceptable for sale, but were at risk for development of root problems. Therefore, plants 

fertigated at 0.15, 0.20, and 0.25 m3·m-3 were all of acceptable quality. The threshold of 0.15 

m3·m-3 was therefore selected as the optimal treatment threshold, as increasing this threshold did 

not provide any further benefit in terms of plant quality. 

3.4 Discussion 

3.4.1 Optimal growing substrate VWC thresholds for basil and bellflower. 

The objective of this experiment was to determine the optimal thresholds for growing 

substrate VWC at which to trigger fertigation for greenhouse production of basil and bellflower. 

Under commercial greenhouse settings, growers never fertigated basil or bellflower more than 

once per day (Marco deLeonardis, Rodney Bierhuizen; personal communication). This rule was 

followed during this experiment, to better emulate the practice of the commercial grower, and 

allow the results to be easily adopted by commercial operations. At the end of the experiment a 

combination of plant growth measurements and a qualitative overall crop performance 

assessment by the commercial growers were used to select the optimal threshold for both crops. 

For basil, 0.25 m3·m-3 was selected by the commercial grower as the best threshold. For 

bellflower however, plants from thresholds 0.15, 0.20, 0.25 m3·m-3) were all considered to be 

equal to each other in terms of appearance and quality, and were acceptable for sale. Therefore, 

the thresholds of VWC ranged from 0.15 to 0.25 m3·m-3 were acceptable for bell flower 

production. 
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There were discrepancies between the growth measurements of the plants (height, fresh 

mass, dry mass, surface area) and the evaluation provided by the growers for both basil and 

bellflower. The grower chosen threshold for basil, 0.25 m3·m-3, did not produce the largest plants 

in terms of height, fresh mass, dry mass, or surface area. In spite of this, the commercial grower 

felt that the appearance and uniformity of plants fertigated at this threshold was the best of all 

treatments. For basil, the growth performance continued to improve as the threshold for 

fertigation increased, producing larger plants. However, this increase in growth caused the plants 

of higher threshold to become less uniform. In order to reconcile this discrepancy between 

increased growth and the commercial grower’s evaluation for basil, it was concluded that a 

growing substrate VWC threshold of 0.25 m3·m-3 provided the optimal combination of growth 

performance of individual plants and uniformity of the crop as a whole. For bellflower, all the 

measured plant growth attributes responded to fertigation thresholds quadratically, increasing 

with VWC thresholds from 0.05 to 0.15 m3·m-3 and started to level out with the further increase 

of VWC threshold (between 0.15 m3·m-3 to 0.30 m3·m-3). Below the threshold of 0.15 m3·m-3, 

the growth performance of bellflower was poor. Given the large difference in the number of 

fertigation events for bellflowers fertigated at 0.15 m3·m-3 and at 0.30 m3·m-3- (8 events for 0.15 

m3·m-3 and 15 events for 0.30 m3·m-3) and that in the opinion of the grower, there was no 

difference in the quality of the plants from any of the thresholds among the four treatments 

except poor root quality in 0.30 m3·m-3 treatment, 0.15 m3·m-3 was chosen as the optimal 

threshold for fertigation for bellflower. 

The chosen thresholds were similar to the average minimum growing substrate VWC 

observed during the monitoring of basil and bellflower production under commercial conditions 

(Henderson et al, 2017). Under those commercial conditions, the minimum growing substrate 
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VWC observed before fertigation occurred was 0.153 m3·m-3 for bellflower, and 0.265 m3·m-3 

for basil. It should be noted that when plants were fertigated below these thresholds (both the 

thresholds determined in this experiment, and the minimum growing substrate VWC observed 

under commercial settings), the growth performance of both crops was not acceptable to the 

commercial growers. Above the threshold, growth performance improved to acceptable levels.  

The thresholds used in this experiment were determined using data from the entire crop 

cycles under commercial greenhouse conditions, which were collected previously (Henderson et 

al, 2017). Similar examples of determining irrigation thresholds for other greenhouse crops can 

be found in the literature (Burnett and van Iersel, 2008; Cayanan, 2009; Nemali and van Iersel, 

2006). Given that the optimal thresholds were determined to be within the ranges selected for 

both crops and were not at an extreme end of the range (as in, not the highest or lowest 

threshold), expanding the range or number of thresholds for fertigation is unlikely to yield a 

different result. The commercial growers selected threshold values for fertigation that were 

within the range maintained within their respective greenhouse operations. This suggested that 

the commercial growers determined the optimal thresholds through their experience, and that the 

method outlined in this experiment was a sufficient way to quantify this experience as a specific 

value. 

3.4.2 Basil response to fertigation. 

When considering plants from all treatments, the growers selected treatments that were 

average in terms of the growth attributes considered but more importantly, they were more 

uniform and consistent than other treatments. Harvest time was determined by recommendations 

from the commercial grower and crop cycle durations observed at the respective grower’s 

greenhouse. The height of basil plants more than doubled in the final 12 days of the experiment, 
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suggesting that if plants had been harvested earlier than 48 days after seeding (which was the 

typical crop cycle duration for the time of year), the results of the experiment might have been 

different. As previously discussed, the height of plants fertigated at a threshold of 0.40 m3·m-3 

was significantly taller than all other treatments at the time of harvest. It is possible that this 

treatment threshold provided sufficient water and nutrition to allow the plants to grow quicker 

than those in other treatments, shortening the production cycle. 

For basil, maintaining the growing substrate VWC close to threshold levels was only 

possible for the lowest treatment (0.15 m3·m-3), especially at the beginning of the trial. As the 

treatment threshold increased, the difference between the threshold and the growing substrate 

VWC measured before fertigation increased. This was caused by applying fertigation only once 

per day rule. For example, maintaining a growing substrate VWC above 0.40 m3·m-3 (as in the 

treatment with the highest threshold) without watering more than once a day is difficult under 

greenhouse conditions. The number of fertigation events for basil ranged from approximately 13 

to 20 events. As basil plants grew their demand for water increased substantially. In the final 

days of the experiment, all blocks of all treatments required fertigation daily. Despite the 

differences between the values of the treatment thresholds and the observed growing substrate 

VWC before fertigation, the results are indicative of the effects of increasing growing substrate 

VWC thresholds on the growth performance of basil under commercial greenhouse conditions. 

3.4.3 Bellflower response to fertigation. 

For bellflower, the growing substrate VWC of the lowest threshold (0.05 m3·m-3) was 

maintained above its respective threshold for fertigation. The treatments with thresholds at and 

above 0.10 m3·m-3 were not maintained above their respective threshold for fertigation, for 

reasons similar to basil plants situation with high fertigation threshold treatments. The limitation 
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of watering daily was more obvious for basil than for bellflower. Unlike basil, the frequency of 

fertigation of bellflower did not increase to the point where each treatment required water daily. 

The number of fertigation events for bellflower ranged from three to 15 events over the three 

week period of the experiment. This difference in the number of fertigation events is large 

compared to the basil treatments, which ranged from 13 to 20 fertigation events from the lowest 

threshold to the highest. The results of this difference in the number of fertigation events for 

bellflower were evident in the differences in appearance of plants between the treatments, 

especially between plants of treatments with the lowest two thresholds, and the remaining four 

treatments. Plants from these two treatments were, at times, visibly under drought stress (for 

example, wilting of plants from the lowest treatment). The stress was more severe for plants 

grown using a threshold of 0.05 m3·m-3, while plants grown using a threshold of 0.10 m3·m-3 

exhibited milder drought stress. Similar to basil, the results of this experiment were indicative of 

the effects of increasing growing substrate VWC thresholds on the growth performance of 

bellflower under commercial greenhouse conditions despite the differences observed between the 

treatment thresholds and the growing substrate VWC. 

3.5 Conclusion 

In conclusion, the results of this experiment suggest that a growing substrate VWC of 

0.25 m3·m-3 can be used as the fertigation triggering threshold for production of basil plants. 

Maintaining growing substrate VWC above this level would ensure that basil plants do not 

exhibit water stress, and make efficient use of water resources. For bellflower, it was suggested 

that a growing substrate VWC threshold of 0.15 m3·m-3 can be used. Fertigating above this 

threshold would be an inefficient use of water resources as the benefits to growth performance 

are not significant.  
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This experiment outlined a procedure for the determination and assessment of an approximate 

minimum growing substrate VWC threshold for specific plant species. This minimum threshold 

should be used to ensure that plants are maintained within a growing substrate VWC range that 

allows for optimal growth. The thresholds determined in this study were similar to the minimum 

growing substrate VWC observed under commercial conditions (Henderson et al., 2017). Further 

research is needed to determine the optimal VWC thresholds for fertigating other common 

greenhouse species. 
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Chapter 4: A Decision Support System for Automation of Greenhouse 

Irrigation of Campanula Portenschlagiana 

4.1 Introduction 

Currently, greenhouse crops are mainly monitored and managed by experienced growers. 

Growers must scout the greenhouse manually, using their experience and intuition to check areas 

of the greenhouse. The grower then makes the decision whether or not to irrigate, depending on 

the needs of the crop at that moment. Growers must check their crops daily, often multiple times 

per day and as such, the process is time consuming, energy intensive and is not the most efficient 

use of resources. For example, a typical greenhouse with an area of 3 ha contains 16 km of rows 

which must be checked every day for irrigation needs, in addition to pest problems (Wspanialy 

and Moussa, 2016). If the irrigation process could be fully or even partially automated, there is 

potential for greenhouse operations to significantly enhance labour efficiency, and save on 

resources (i.e. water, fertilizer, etc.) and energy consumption. Automation of irrigation would 

also allow growers to better manage their time and focus on other tasks, such as control of pests. 

Use of sensors for monitoring variables such as growing substrate volumetric water 

content (VWC), temperature, and climate conditions is becoming more common in the 

commercial greenhouse industry. These sensors can be installed throughout a greenhouse and 

connected to wireless dataloggers, creating a wireless sensors network (WSN) and can be used 

by commercial growers to more efficiently manage and monitor their operations. The application 

of sensor networks and computer programs to agricultural and greenhouse management is a 

growing practice known as precision agriculture (Zhang et al., 2002). The aim of precision 

agriculture in greenhouses is to provide growers with solutions for better management of the 
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greenhouse climate and resources in relation to plant needs. Proper management of the internal 

greenhouse climate is essential, as the climate conditions within a greenhouse will have a 

substantial impact on the growth of a crop (Gupta et al., 2010). Applications of WSNs are 

focused on greenhouse climate management, with the aim of reducing costs associated with 

heating and ventilation of the greenhouse (Postolache et al., 2012), or to reduce the need for 

herbicide and pesticide use (Körner and Van Straten, 2008). WSNs have also been applied for 

monitoring the health and growth of plants, and for assisting growers in making efficient 

irrigation decisions, and resulting in water savings (Goumopoulos, 2012; Philipova et al., 2012). 

There are some challenges with the use of WSNs in agriculture, specifically in terms of data 

volume and computing power (Aqeel-Ur-Rehman et al., 2014). Depending on the size of the 

network, the quantity of data to be processed can be large and difficult to efficiently manage in a 

useful timeframe. There are many climate variables that can be controlled and monitored under 

greenhouse conditions, and using this data properly may be a challenge for growers (Zhang et al., 

2002). A system which could assist a grower in decision making would be beneficial and 

increase the usefulness of a WSN in a greenhouse. These decision support systems (DSS) could 

manage, organize and integrate sensor data in a more efficient manner than humans if properly 

trained and implemented. Some studies suggest the use of ‘fuzzy logic’ for greenhouse control 

due to the number of variables for climate conditions (e.g. temperature, humidity, lighting, CO2 

concentration) and the large range observed for each of these variables (Gao et al., 2013; 

Kolokotsa et al., 2010). Fuzzy logic would allow for an automated irrigation system to be more 

dynamic and flexible, adapting to a large variety of different combinations of greenhouse 

structure, internal climate and type of crop. 
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To fully automate greenhouse irrigation, a more efficient system for monitoring the 

greenhouse compared to the current system of walking and manually checking must be 

implemented. As mentioned, the use of sensors networks to monitor plant and climate variables 

throughout the greenhouse is becoming more common. Growers use information from these 

sensors to assist in their decision making. This system of irrigation scheduling is referred to as a 

“feed-forward” or “open-loop” system, requiring updates to the schedule depending on 

greenhouse conditions. Automation of greenhouse irrigation requires this loop to be closed, so 

that the system can manage irrigation on a day-to-day basis without external input from the 

grower. To close the loop, the irrigation system needs to be able to emulate the decision making 

process of an experienced grower. This introduces the challenge of understanding the decision 

making process of a grower (a combination of experiential knowledge and use of climate 

measurements) so that this process can be translated into an automated system. Just as the grower 

does, the system must be able to 1) assess the water status of the crop and the internal climate of 

the greenhouse, as well as the external climate, and 2) integrate the crop water status with the 

climate data, using both to make a decision about whether or not an irrigation event should 

occur. To achieve this, the DSS described in this study considered greenhouse microclimates by 

using growing substrate VWC measurements from sensors distributed throughout a crop (similar 

to chapter 2), and used the growing substrate thresholds determined in chapter 3 as an additional 

rule for the scheduling of irrigation. 

The objective of this study was to test the performance of the DSS that was developed at 

the Vineland Research and Innovation Centre. The purpose of the DSS is to assist the 

commercial grower with irrigation decision making, or to completely automate the irrigation 

process, depending on the specifications of the grower. By automating greenhouse irrigation, or 
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by assisting the grower in making the decisions, greenhouse operations could achieve significant 

savings through reduced cost of the use of resources such as water and fertilizer in addition to 

reduced labour costs. To test the quality of the decision making of the DSS, it was allowed to 

make irrigation decisions under commercial greenhouse conditions using data collected from 

growing substrate VWC sensors, climate sensors, and plant height measurements.  

4.2 Materials and Methods 

4.2.1 Bellflower cultivation, harvest and collection of training datasets. 

Two datasets of growing substrate VWC, air temperature, and height of plants were 

collected for an entire crop cycle from greenhouse crops grown under commercial settings. 

These datasets were used for the training of the DSS, which will be described further in the 

following section. Bellflower (Campanula portenschlagiana ‘Get Mee’) 5-6 leaf seedlings were 

transplanted into 10.2 cm diameter by 11.2 cm height pots containing a peat moss-based (78% 

peat moss, 22% perlite) soilless growing substrate (BM6 All-Purpose mix; Berger Ltd., QC, 

Canada). Plants were grown in a commercial greenhouse in Southwestern Ontario, Canada and 

managed by the commercial grower. The growing substrate VWC was monitored and recorded 

using moisture sensors (GS3; Decagon Devices Inc., WA, USA) plugged into data loggers 

(EM50; Decagon Devices Inc.) at 5-minute intervals over the entire growth cycle. Sensors were 

inserted into the substrate from the top, with sensor prongs close to the center of the pot. There 

were 20 pots, each with one moisture sensor, which were evenly distributed among other pots on 

a sub-irrigation table (1.6 x 4.3 m). Approximately 500 pots were on the sub-irrigation table. 

Plants were managed by the grower following their normal protocol, and irrigation of plants was 

controlled by the commercial grower using their previous experience growing the crop. When 

irrigation was applied, taps for the sub-irrigation tables were allowed to flow for 7 minutes, after 
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which tables were allowed to drain. The nutrient solution was made using a fertilizer containing 

17% N-2.18% P-14.1% K mix with micronutrients and tap water to an electrical conductivity 

(EC) of 1.8 dS·m-1. Greenhouse was maintained to 17.5°C, and vents were set to open at 20.5°C. 

The plants were spaced twice at 5 and 8 weeks after transplanting. The heights of the plants in 

the 20 plants were measured daily. The mean air temperature of the compartment was measured 

daily using the commercial greenhouse’s Argus climate control system. Plants were graded by 

the commercial grower alone at the end of the production period based on the following criteria: 

if no growing substrate could be seen from above, the plant received an A grade; if substrate 

could be seen from above, the plant received a B grade and was not acceptable for sale. Further 

grading of bellflower was based on approximation of the % of flowering; a grading of 1 was 

given for 0-33% flowering, a grading of 2 was given for 33-66% flowering, a grading of 3 was 

given for 66-100% flowering. The combination of letter and number grade is used by the grower 

to determine when plants should be sold. Shoot fresh weights were measured at the end of the 

trial, 10 weeks from transplanting. The surface area of the stems and leaves was measured using 

a leaf area meter (LI-3100C; LiCOR Biosciences, Lincoln, NE, USA). Shoot samples were then 

dried at 75°C for 5 days to constant weight before dry weights were determined.  

4.2.2 Training of decision support system and determination of irrigation thresholds. 

The DSS in this research was used to make decisions for the control of irrigation of a 

greenhouse crop. The DSS uses machine learning algorithms based on artificial neural networks2 

which must be trained with datasets to properly integrate sensory input data and produce 

meaningful outputs. In the case of greenhouse irrigation, the sensory inputs are: (1) the mean 

                                                           
2 Gurney, Kevin (1997). An introduction to neural networks. UCL Press. ISBN 1857286731. OCLC 37875698 
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growing substrate VWC in a number of pots, (2) the mean height (in cm) of plants in these pots, 

and (3) the air temperature (in °C) of the greenhouse compartment of interest. The output of the 

DSS is a ‘yes’ or ‘no’ decision for whether or not an irrigation should occur. In this study, two 

datasets from two crop cycles were collected for training of the DSS. After training, a new set of 

sensory input data was provided to the DSS and a decision for irrigation was made. In addition to 

the training datasets, a minimum threshold for growing substrate VWC was determined and 

added to the DSS as an additional rule for irrigation decisions. The determination of minimum 

growing substrate VWC thresholds is described in section 3 of this thesis. Whenever the mean 

growing substrate VWC of the crop was below this threshold, the crop was irrigated regardless 

of the value of the other two inputs. 

4.2.3 Bellflower cultivation using DSS for irrigation decision making. 

The performance and reliability of the DSS for controlling the irrigation events of 

bellflower under greenhouse conditions was tested at a later date on an entirely new crop of 

plants. Bellflower plants were planted and managed as previously described, with the exception 

of the irrigation of the plants on one sub-irrigation table. The irrigation of the plants on one sub-

irrigation table (1.6 x 4.3 m, with 460 potted bellflower per table) was managed by the DSS. In 

addition to this table of plants, a larger crop to be managed by the commercial grower was 

planted at the same time. The table to be controlled by the DSS was placed in the same 

compartment of the greenhouse as this larger crop. The commercial grower checked plants of the 

larger crop twice a day, once in the morning and once at noon. The grower made irrigation 

decisions for the bellflower plants (excluding those on the table controlled by the DSS) based on 

observations made when checking the plants. Following the same procedure as outlined in 

section 4.2.1, 20 moisture content sensors (GS3) were inserted into 20 individual pots on the 
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table to be managed by the DSS. The mean growing substrate VWC of these 20 pots, and the 

mean height of the 20 plants in these pots was manually checked once a day (each morning) for 

the entire growth cycle. The mean daily air temperature of the compartment was calculated using 

air temperature measurements of the compartment for the 24 hours before the irrigation decision 

was made. These three measurements were provided to the DSS, and a ‘yes’ or ‘no’ irrigation 

decision for that day was made. When plants were of marketable size (as determined by the 

commercial grower), grading and measurements of shoot fresh mass, dry mass and surface area 

were determined using the same methods as previously described in section 4.2.1. The plants 

from the table managed by the DSS were harvested on the same day as the plants from the rest of 

the greenhouse so that the production cycles were the same length. To compare the grades of the 

plants from both crops, 20 plants were selected at random from the commercial grower’s crop 

and compared to the rating of 20 plants from the DSS-managed crop. 

4.2.4 Data analysis. 

Data of plant performance were analyzed using Graphpad PRISM version 7.00 

(GraphPad Software, LaJolla, CA, USA). Means of shoot fresh mass, dry mass, surface area and 

final heights for the DSS-managed crop and the grower-managed crop were compared using t-

tests.  

4.3 Results and Discussion 

The objective of this study was to train and test the performance of a DSS developed by 

the engineering team at Vineland Research and Innovation Centre for the irrigation of 

bellflowers in a commercial greenhouse as a first step towards the complete automation of 

greenhouse irrigation. The DSS managed the irrigation decisions for a portion of a bellflower 
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crop. The irrigation decisions for the remainder of the crop, as well as the other management 

decisions (climate control, fertilizer use, pesticide application, etc.) were managed by the 

commercial grower.  

The performance of the DSS was measured in terms of plant growth performance, as well 

as the duration of the crop cycle (determined with the help of the commercial growers). 

Therefore, the commercial grower’s qualitative rating of the crop was considered to be as 

important as the quantitative measurements of the plants. Success of the DSS was defined as the 

production of bellflower plants which were at least as good as those produced by the commercial 

grower. 

To train the DSS, several previously acquired datasets were required to provide the DSS 

with a sufficient range of data to represent all possible conditions within the greenhouse. In the 

case of this study, the sensory data of the three mentioned inputs (height, growing substrate 

VWC and temperature of the greenhouse compartment) for the entire bellflower crop cycle were 

required. For crops which are more susceptible to water stress (drought or flooding), additional 

datasets may be used to improve the performance of the decision making of the DSS. 

The production cycles were the same duration for the two crops. The fresh mass and dry 

mass of bellflower shoots (Table 7) were significantly different between DSS and grower 

managed crops, as the masses of the shoots of the DSS-managed bellflower plants were lower 

than those from the crop managed by the grower. The surface area and the heights of the DSS-

managed bellflower were not significantly different between the two bellflower crops.  

The variation, indicated by the standard error, of the fresh mass, dry mass and surface 

area were lower for the DSS-managed crop than the commercial grower’s crop (Table 7). The 
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number of irrigation events for the two crops were not equal, and the DSS-managed crop had 

15% fewer irrigation events than the commercial grower’s crop. 

Table 7. Summary of measurements of the DSS-managed crop and those grown by the 

commercial grower at Sunrise. 

 

 DSS-managed 

Mean ± SEz 

Commercial grower 

Mean ± SEz 

Fresh mass (g/pot) 41.3 ± 1.0a 44.4 ± 1.7b 

Dry mass (g/pot) 5.9 ± 0.1a 6.4 ± 0.3b 

Surface area (cm2/pot) 799 ± 8a 794 ± 39a 

Final height (cm) 14.4 ± 0.2a 14.18 ± 0.1a 

# of irrigation events 17 ± 0a 20 ± 0b 

 

zMeans were determined from the measurements of 20 bellflower plants for each of DSS-managed and 

commercial grower’s crops. Data in the same row followed by the same letter are not significantly 

different at p=0.05. 

The qualitative ratings of the appearance of the two crops were similar (Table 8), and in 

the opinion of the commercial grower there was no difference between the crops. The difference 

in rating between the two crops indicated a slight difference in the stage of the crops. In the 

opinion of the commercial grower, the stage of the flowers of the DSS-managed crop was further 

along than those of the commercial grower’s crop, and may have been marketable several days 

earlier. 
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 Table 8. Rating of appearance of bellflower plants from both crops by the commercial grower. 

Grower Rating DSS-managed Commercial grower 

A1 0 1 

A2 8 7 

A3 12 12 

B 0 0 

 

The growth measurements of the two bellflower crops and the evaluation from the 

commercial grower indicate that the DSS-managed crop and the commercial grower’s crop were 

of similar quality in terms of the plants produced. While the fresh and dry mass of the DSS-

managed crop were observed to be significantly lower, this is not an issue for the sale of the 

plants. Bellflower are sold as an ornamental crop, and therefore the appearance of the plants is 

more important than the mass of the shoots. The appearance and quality of the plants is 

determined by their height, surface area and rating. For the two crops, the heights and surface 

area were not significantly different, and the qualitative ratings were similar. Given that plants 

from the commercial growers’ crop were acceptable for sale, the similarities between the two 

crops indicates that plants from the DSS-managed crop were also acceptable for sale.  

The most important difference between the two crops is the number of irrigation events 

applied to each. The DSS-managed crop was irrigated 17 times over the 10-week production 

cycle, while the commercial grower’s crop was irrigated 20 times during this period. Fewer 

irrigation events means that less water, and therefore less fertilizer and electricity associated with 

irrigation, was required for the production of the DSS-managed crop compared to the 

commercial grower’s practice. The lower amount of irrigation events had a slight effect on the 

fresh and dry masses of the DSS-managed crop. This did not decrease the quality of the crop or 
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increase the length of the production cycle, and therefore the DSS improved upon the current 

practice of the commercial grower. 

The objective of this study was to test the DSS as a first step towards the automation of 

greenhouse irrigation. This study was a pilot test on a small portion of a crop, to be used as a 

proof of concept. The measurements used in this study (plant height, air temperature, growing 

substrate VWC) are suitable for automation, allowing the DSS to manage a larger crop and 

saving time for the commercial grower. Automating greenhouse irrigation would allow growers 

and greenhouse operations to better manage their resources and reduce costs. If the DSS were to 

be used for managing the irrigation of the entire greenhouse, the savings of water, fertilizer, 

labour and energy would be significant.  

4.4 Conclusion 

In conclusion, the DSS developed at the Vineland Research and Innovation Centre was 

evaluated in a pilot test at a commercial greenhouse under typical greenhouse conditions. The 

bellflower plants which were managed by the DSS were considered to be acceptable and equal to 

the rest of the bellflower plants in the greenhouse, which were managed by the commercial 

grower, despite the slight decrease in fresh and dry mass. The DSS-managed crop reached 

marketable size in the same time as the commercial grower’s crop. The DSS-managed crop was 

irrigated 15% less throughout the duration of the crop cycle compared to the crop managed by 

the commercial grower. This study demonstrates the potential of using a system such as the DSS 

used in this study to automate greenhouse irrigation, with the benefit of saving water, fertilizer, 

labour, and energy costs while producing plants of acceptable quality.  
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Chapter 5: General Discussion and Conclusion 

Automation of greenhouse irrigation requires an intimate knowledge of the internal 

greenhouse environment condition, plant water requirements, growing substrate water content 

and their relationships with plant growth performance. To better understand the microclimate 

within a greenhouse environment and its effects on growing substrate VWC variation, two 

greenhouse crops (basil and bellflower) were monitored for an entire production cycle under 

commercial conditions of two different greenhouses (chapter 2). Soil moisture sensors (GS3) 

were inserted into pots at the beginning of the production cycle. The pots were then distributed 

evenly throughout the crop, and the commercial grower managed the crop according to their 

standard practice. In this way, growing substrate VWC at a variety of locations within two 

greenhouses was monitored. To quantify the effect of variations of environmental factors (e.g. 

light, heat, temperature) at different locations within the greenhouse, plastic pans were placed 

throughout both commercial greenhouses in the experimental area. The pan evaporation 

experiment was also performed in a research greenhouse at the Vineland Research and 

Innovation Centre to provide an additional example of the variation in evaporation under 

greenhouse conditions. Significant variations in pan evaporation were measured at all three of 

the greenhouses chosen.  

At the end of the production cycle, the pots of each crop that had sensors inserted were 

analyzed to determine if a relationship existed between growing substrate VWC and growth 

performance. Growing substrate VWC profiles were produced for each pot by calculating the 

VWC for the entire production cycle, how dry the growing substrate was before irrigation 

(VWCmin), how saturated the growing substrate was after irrigation (VWCmax), and the change in 

VWC at each irrigation (ΔVWC). The final height, fresh mass, dry mass, surface area and 
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growth index of each plant was determined and related to the means of each of the four variables 

of the growing substrate VWC profiles. In basil, no relationship was observed between any of 

the measurements of growth performance and the growing substrate VWC profiles. For 

bellflower, a significant linear relationship was observed between each of fresh mass, dry mass, 

and growth index with ΔVWC. However, it was difficult to establish if this relationship was due 

to a large ΔVWC causing better growth performance, or whether this large ΔVWC was caused 

by larger plants holding more water in their substrate due to better root development. The lack of 

relationship between VWCmin, VWCmax and average VWC with plant performance indicated that 

the growers’ practice maintained the plants within a range that did not subject plants to drought 

stress and enabled acceptable growth performance. However, the data collected here cannot be 

used to determine the actual water requirements of basil or bellflower. 

 A system for automating greenhouse irrigation needs to have the water requirements of 

plants quantified as a threshold, as it cannot use intuition and experience in the same way that 

growers can. Growing substrate VWC thresholds at which to trigger fertigation for basil and 

bellflower were established in chapter 3, using the data collected from production of these crops 

at commercial greenhouses (chapter 2). The objective of chapter 3 was to determine a minimum 

growing substrate VWC threshold that was high enough that plants did not exhibit drought 

stress, but low enough that water resources were used efficiently and plants were not over-

watered. The threshold ranges were selected to represent the ranges observed at the commercial 

conditions, with an additional two thresholds outside the range (one threshold below and one 

above the commercial range). These thresholds were used to make decisions about the fertigation 

of basil and bellflower by manually checking the growing substrate VWC plants twice daily, 

similar to how growers monitor their crops under commercial conditions. Following the practice 
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of the growers, plants were irrigated at most once per day. At the end of the experiment, 

measurements of plant growth performance (fresh mass, dry mass, surface area, and height), as 

well as a qualitative evaluation by the commercial growers, were used to determine the optimal 

threshold at which to trigger fertigation for basil and bellflower. The thresholds established by 

this experiment (which were 0.25 m3·m-3 for basil and 0.15 m3·m-3 for bellflower) were within 

the ranges observed in chapter 2. The results indicated that the commercial growers used their 

experience and expertise to make irrigation decisions that were efficient in terms of water use. 

Below these thresholds, plant growth performance and overall quality was poor. When 

fertigation was triggered above these thresholds there was either no significant benefit in terms 

of plant growth performance (in the case of bellflower), or the growth performance of the plants 

was less uniform (in the case of basil) and therefore worse than other thresholds.  

 Finally, to test whether or not an automated system could manage the irrigation of a 

greenhouse crop as efficiently as the grower, a decision support system (DSS) was developed by 

the engineering team in Vineland Research and Innovation Centre. The DSS was designed to be 

deployed under commercial greenhouse conditions. In chapter 4, the DSS described was tested 

and analyzed in making irrigation decisions for a crop of bellflower for an entire production 

cycle in a commercial greenhouse. To achieve this, the irrigation decision making process of the 

grower first needed to be quantified in such a way that a computer program could use those data. 

Growers typically check sample plants throughout a crop by making note of their appearance and 

how heavy the pot is at that moment, using their intuition and experience to make irrigation 

decisions. This method is qualitative, and is not readily applicable to a computer program. 

Additionally, this method of scouting plants is time consuming, as growers must check several 

plants within each crop twice a day to ensure irrigation needs are met. Instead, a quantitative 
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method of decision making, which can be more easily applied to automation, was required. By 

distributing soil moisture sensors throughout a crop (as demonstrated in chapter 2) and 

monitoring the growth and growing substrate VWC of a crop for an entire production cycle, 

training datasets for the DSS were collected. By correlating the mean height of plants, the mean 

growing substrate VWC and air temperature of the greenhouse compartment at the time when 

irrigation was applied to the bellflower crop, the DSS was trained to make irrigation decisions 

based on the combination of these three variables. As an additional rule for the DSS, the growing 

substrate VWC threshold for irrigation of bellflower determined in chapter 3 was included. If the 

mean growing substrate VWC was below this threshold, the DSS was designed to irrigate 

regardless of mean plant height or air temperature. Once trained, the DSS was tested to make the 

irrigation decisions of a small bellflower crop for an entire production cycle. Mean growing 

substrate, mean plant height, and air temperature were checked daily and data were provided to 

the DSS, which then output a ‘yes’ or ‘no’ decision for irrigation. This method of decision 

making is similar to the growers’ method, but uses quantitative methods (plant height, growing 

substrate VWC) over the growers’ qualitative ones (appearance of the plant, how heavy the pot 

is) while making use of the greenhouse’s climate control system. Additionally, the DSS-managed 

crop was only checked once per day for irrigation needs, compared to the commercial grower’s 

practice which required the crop to be checked twice a day. At the end of the production cycle, 

the bellflower managed by the DSS were compared to those managed by the commercial grower. 

The fresh and dry mass of the bellflower managed by the DSS were significantly different from 

the commercial grower’s crop, while the surface area and heights of the two crops were not 

significantly different. In the opinion of the commercial grower there was no qualitative 

difference between the two crops. The crop managed by the DSS was irrigated less than the 
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commercial grower’s crop (17 irrigation events vs. 20 irrigation events) throughout the 

production cycle. This suggested that the DSS was able to produce plants of acceptable quality 

while using less water compared to the commercial grower’s method. While the DSS was not 

fully automated during this test, the collection of data for the inputs (measurements of plant 

height, growing substrate VWC and compartment air temperature) can be automated. Modern 

greenhouses have climate control systems installed, removing the need for additional 

temperature sensors. The number of soil moisture sensors can also be reduced with proper 

placement, and using wireless dataloggers, growing substrate VWC of a crop can be efficiently 

monitored. Sensors for measuring the height of objects from a distance exist, but these sensors 

have not been used for the purpose of measuring plant height, or under greenhouse conditions. 

The application of these sensors under greenhouse conditions would allow for the mean height of 

an entire crop to be determined, if desired.  

In conclusion, this research demonstrated and tested methods for designing and 

implementing an automated system for greenhouse irrigation. The results of chapter 2 and 3 

presented the use of soil moisture sensors for monitoring growing substrate VWC and triggering 

the irrigation of greenhouse crops. Under modern greenhouse conditions, variations in growing 

substrate VWC exist despite the best efforts of growers. The variations in growing substrate 

VWC are caused by microclimate variations (in terms of light, heat and temperature), which in 

turn cause plant water usage to vary based on location throughout a greenhouse. Growers are 

aware of these variations, and schedule irrigation to manage the variations present. As shown in 

chapter 2, the growing substrate VWC was not strongly related to the growth performance of the 

two crops monitored, which indicated that growers maintained the growing substrate VWC 

within a range that allowed crops to grow without experiencing water stress. Chapter 3 
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demonstrated a method to quantify the water requirements of two greenhouse crops, basil and 

bellflower, by determining a growing substrate VWC at which to trigger irrigation. By 

determining a threshold for triggering irrigation, the knowledge gap between growers and the 

scientific literature with respect to plant water requirements was decreased. The success of the 

DSS test in chapter 4 demonstrated the utility and advantages of an automated system for 

irrigation of greenhouse crops, which made use of the results of chapters 2 and 3 regarding the 

positioning of sensors and plant water requirements, to produce bellflower which were of the 

same quality as the grower’s standard practice while requiring less irrigation and less monitoring. 

Future research needs to expand the scope of the DSS, by conducting tests on other crops (e.g. 

basil) and by allowing the DSS to manage a larger crop. By training the DSS to manage a 

number of different crops with a varying range of water requirements, an adaptable and dynamic 

system for many different greenhouse conditions could be developed. The commercial 

greenhouse industry would benefit greatly from such a system that allows growers to focus on 

more time-consuming tasks such as disease detection and pest management, by providing a 

system for more efficient management of the irrigation.  
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