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Abstract

:

Many arid and semiarid regions of the world face serious water shortages that are projected to have significant adverse impacts on irrigated agriculture and create unprecedented challenges for providing food and water security for the rapidly growing human population in a changing global climate. Consequently, there is a momentous incentive to shift to more resource-efficient soilless greenhouse production systems. Though there is considerable empirical and theoretical research devoted to specific issues related to control and management of soilless culture systems, a comprehensive approach that quantitatively considers relevant physicochemical processes within containerized soilless growth modules is missing. An important first step towards development of advanced soilless culture management strategies is a comprehensive characterization of hydraulic and physicochemical substrate properties. In this study we applied state-of-the-art measurement techniques to characterize six soilless substrates and substrate mixtures [i.e., coconut coir, perlite, volcanic tuff, perlite/coconut coir (50/50 vol.-%), tuff/coconut coir (70/30 vol.-%), and Growstone®/coconut coir (50/50 vol.-%)] that are used in commercial production in Israel and the United States. The measured substrate properties include water retention characteristics, saturated hydraulic conductivity, packing and particle densities, as well as phosphorus and ammonium adsorption isotherms. In addition, integral water availability and integral energy parameters were calculated to compare investigated substrates and provide valuable information for irrigation and fertigation management.
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1. Introduction


The projected growth of the world population to around 9.7 billion by 2050 [1] poses unprecedented challenges for providing and sustaining food and water security and mitigating associated economic inequalities and social tensions that threaten global security [2,3]. This is further exacerbated by climate change via alterations of precipitation patterns, more likely occurrence of climate extremes (e.g., prolonged droughts), and modification of diurnal and seasonal temperature regimes [4] and soil degradation that leads to an alarming reduction of arable land. Because of these imminent challenges as well as a strong demand for high-quality, out-of-season vegetables, fruits, and ornamentals in many industrial countries and the ban of methyl bromide fumigation of horticultural field soils, there is an increasing incentive to shift from soil to more resource-efficient soilless culture [5].



Substrates used in soilless culture systems exhibit major advantages over soils. Besides the alleviated risk for spreading soil-borne pathogens, physicochemical properties of growth substrates can be controlled within narrow margins, which commonly leads to healthier plants and higher yields when compared to soil-based production [6,7].



Organic substrates that are extensively used in soilless culture include peat moss, compost, coconut coir, bark and other wood-based materials, and biochar, all of which are commonly mixed with inorganic substrates such as perlite, volcanic tuff, expanded clay granules, pumice, zeolite, and sand, in order to improve their physicochemical properties [8,9].



Though the same physical principles apply to both soilless substrates and soils, their physical and hydraulic properties are vastly different, which is of significant importance for management and control of soilless growth systems. In addition, there are fundamental differences with regard to dynamic water, air, and nutrient distribution processes, and root growth and development between spatially confined containerized production systems and unconfined field soils. While water flow and nutrient transport in growth containers is restricted by an impermeable container bottom with drainage holes, water drains and redistributes to much deeper layers in agricultural soils unless natural impediments exist. This leads to vastly different infiltration and redistribution dynamics requiring more intensive management of soilless systems. The smaller the root zone the more intensive the production system needs to be managed to provide a stress-free rhizosphere environment for optimum plant growth [5].



While soils are well-researched, and many discovered soil physical principles are readily available for application to soilless substrates, their adaptation and translation to substrates appear to lag behind. The physical properties of essence for the design and management of containerized soilless production systems include bulk density (BD), particle density (i.e., specific gravity), the water characteristic (WC), and hydraulic conductivity (K) [10,11]. The substrate WC [12] that relates the water content to the matric potential (i.e., capillary and adsorptive surface forces that hold water under subatmospheric pressure within the substrate matrix) and K are the most important physical properties that govern water flow and distribution processes [13] and aeration [14] in containerized soilless systems. The matric potential (h) [15] determines the “ease” for plant roots to extract water from the substrate and is commonly expressed as a negative (subatmospheric) pressure. In general, all irrigation practices that explicitly attempt to avoid water stress in soilless production are confined to a matric potential range from 0 to −8 kPa. In some substrates, such as rockwool, the range is even narrower, with the onset of water stress occurring if h is allowed to attain values < −5 kPa. In contrast, matric potentials encountered in field soils may well go as low as −75 kPa; in such systems matric potentials rarely rise above −10 kPa, except during or immediately after irrigation [16].



Several concepts related to the WC and K have been introduced to determine plant water availability. These include plant available water capacity [17], easily available water and water buffering capacity [18], container capacity [19,20,21], limiting and least limiting water range [22,23], and the integral water capacity [24], the later accounting for aeration and root penetration. The more recently introduced integral energy concept calculates the energy required to extract water from the growth medium [14,25]. The water flux in soilless substrates that may significantly vary due to large changes of hydraulic conductivity within a narrow h range is another important parameter for irrigation management to avoid plant water stress [26,27]. Accurate measurements of hydraulic substrate properties (i.e., WC and K) are also essential for the parameterization of numerical computer codes for the simulation of water and nutrient dynamics in containerized soilless systems. Such simulations aid with the optimization of substrate mixtures for specific plants as well as with the design and management of soilless systems (i.e., container geometry and irrigation amount and frequency), which may reduce costly and time consuming trial and error greenhouse experiments [14].



Nutrient supply in conjunction with irrigation (i.e., fertigation) is another important aspect of soilless culture management that requires insights about the adsorption of nutrients on substrate surfaces. For example, phosphorus and nitrogen need to be continuously supplied due to limited container volumes and associated restricted nutrient buffering capacities [28,29,30]. Rapid depletion of phosphorus after fertigation is a well-documented phenomenon caused by electrostatic adsorption onto substrate surfaces and slow formation of new solid metal-phosphorus compounds [31,32]. To increase phosphorus uptake by plant roots, high frequency fertigation is commonly applied to induce nonequilibrium conditions [33,34,35]. Ammonium promotes optimum plant development and growth when the NH4-N/total-N ratio does not exceed plant specific thresholds that depend on species, rooting medium, root zone temperature, and pH [36,37,38,39,40,41]. For proper nutrient management, adsorption isotherms need to be determined to not only assure optimal growth conditions, but also to minimize nutrient loss in open-loop soilless culture systems.



The presented collaborative project that involves research teams from the U.S. and Israel was motivated by the rapidly growing demand for soilless growth media due to an ongoing momentous shift to more resource-efficient containerized soilless greenhouse production systems. It should be noted that the choice of soilless substrates and the selection of measured substrate properties was guided by ongoing production-scale greenhouse trials and the goal to utilize the obtained properties to parameterize a three-dimensional numerical code for simulation of water and nutrient dynamics in containerized growth modules to aid with their design and management. In the following we first discuss the selected substrates, then present a solid procedure for preparation of substrate mixtures, which is followed by an introduction of the applied state-of-the-art characterization techniques for the WC, saturated hydraulic conductivity (Ksat), and particle density as well as for the measurement of phosphorus and ammonium adsorption isotherms. We conclude the paper with a thorough discussion of obtained results.




2. Materials and Methods


2.1. Investigated Soilless Substrates


Six soilless substrates and substrate mixtures, including perlite (Figure 1a), volcanic tuff (Figure 1b), coconut coir (Figure 1c), a 50/50 vol.-% perlite/coconut coir mixture (Figure 1d), a 70/30 vol.-% volcanic tuff/coconut coir mixture (Figure 1e), and a 50/50 vol.-% foamed glass aggregate (i.e., Growstone®)/coconut coir mixture (Figure 1f), were investigated.



Horticultural perlite (Figure 1a) is a naturally occurring amorphous volcanic glass with high water holding capacity, typically formed through hydration of obsidian [42,43]. Perlite is usually sieved and then heated to 1000 °C. At high temperature water evaporates, and when rehydrated perlite expands to 4 to 20 times of its original volume [9], which yields a lightweight substrate with high porosity. Perlite aggregates are chemically inert and pathogen free [44], two desired attributes when plants remain in the same substrate for prolonged time periods [9,45]. However, if perlite is applied in high amounts, a negative impact on plant growth due to nutrient leaching may occur [46,47].



Tuff is a common name for pyroclastic volcanic material, exhibiting high porosity and surface area (Figure 1b). The physicochemical properties of tuff are mainly dependent on mineral composition and the weathering stage [48,49]. In addition, grinding and sieving processes may alter these properties. Tuff commonly exhibits a BD between 0.8 and 1.5 g cm−3 and a total porosity between 60 and 80%. Tuff possesses a high buffering capacity and may adsorb or release nutrients, especially phosphorus, throughout the plant growth period [49,50].



Coconut coir (Figure 1c) is the mesocarp of Cocos nucifera L., containing short and medium length fibers left from industrial applications. Depending on origin and industrial source, there is a difference in physical and chemical characteristics [51,52]. The coconut coir dust is commonly sieved to desired sizes and washed to leach excess salts. Coconut coir exhibits remarkable physical and chemical properties such as high water holding capacity, good drainage and aeration properties, and high cation exchange capacity. It is also commonly used as a surrogate for peat and mixed with mineral substrates [53,54,55].



Foamed glass aggregates (Growstone®, Growstone, LLC, Santa Fe, NM, USA) are made of recycled glass bottles and windows. The production process starts with crushing and grinding glass into a fine powder of vitreous soda lime glass, which is mixed with calcium carbonate (2% on weight basis) that acts as a foaming agent. When the mixture is heated it expands, thereby creating a network of fine pores [9,56]. After the cooling process, the solid block of foamed glass is crushed, tumbled, and sieved to various aggregate sizes. The aggregates are commonly mixed with organic substrates.




2.2. Sample Preparation


To obtain uniform and reproducible substrate samples for hydraulic characterization we first performed comprehensive compaction trials to determine the lowest and highest achievable dry bulk densities for the considered soilless substrates. The average dry bulk densities were then used as initial target bulk densities for preparation of samples for substrate WC and Ksat measurements. Because of particle segregation during transport, the 50/50 vol.-% Growstone®/coconut coir mixture (Figure 1f) supplied by Growstone, LLC was separated, remixed, and homogenized. All tests were performed in sextuplicate for each substrate and substrate mixture. We used air-dry samples as this is the most realistic scenario for large-scale greenhouse applications and also to avoid potential problems with hydrophobicity of coconut coir that may be induced during oven drying.



Subsamples of perlite, tuff, and coconut coir were first oven-dried to determine the air-dry gravimetric water content. Then, the thoroughly homogenized air-dried substrates were compacted into cylinders with known volume (VC) in multiple layers to achieve a uniform packing density. To achieve the lowest potential packing density, the substrates were poured into and carefully manually distributed within the cylinders without imposing a significant compaction force. Only on the very top the substrate particles were gently pushed inside the cylinder to obtain a smooth surface. To achieve the highest potential packing density, the substrates were compacted layer by layer with a rubber stopper mounted on a push rod. At the end, the lowest and highest dry bulk densities were determined, and the average values were used as the target density for sample preparation for WC and Ksat measurements.



Compaction trials were also performed for the 50/50 vol.-% perlite/coconut coir mixture, the 70/30 vol.-% tuff/coconut coir mixture, and the 50/50 vol.-% Growstone®/coconut coir mixture. First, several subsamples of the individual substrates to be mixed were collected and oven-dried to determine their air-dried gravimetric water content. Once the gravimetric water content of the individual mixture components was known, the substrates were poured into two separate cylinders of known volumes and compacted in the same fashion as described above for the lowest packing density. The air-dried mass of the substrates occupying a specific volume was then measured and the oven-dried masses per volume were calculated. The dry mass ratio    ( ϑ )    may then be defined as:


  ϑ =    M  O D v 1      M  O D v 2     ×  R V   



(1)




with    M  O D v     as the oven-dried mass of substrates 1 or 2 occupying a specific volume and RV the volumetric substrate mixing ratio (i.e., 50/50 vol.-% for perlite/coconut coir; 70/30 vol.-% for tuff/coconut coir; and 50/50 vol.-% for Growstone®/coconut coir).



For the compaction trials the air-dried substrate components were then mixed at the desired volumetric substrate mixing ratio and the resulting mixture was meticulously homogenized. The homogenized air-dried mixture was then compacted into cylinders in the same fashion as the individual substrates to obtain the lowest and highest achievable potential packing densities. After compaction, the mass of the air-dried mixture occupying the cylinder, MADmix, was determined and the oven-dried masses of the individual components composing the sample were calculated as:


   M  O D 1     =    [   M  A D m i x     −      M  A D m i x     ϑ  (    1   +    θ  m 1     1   +    θ  m 2      )    +   1    ]    ·    1  1   +    θ  m 1      



(2)






   M  O D 2     =      M  A D m i x     ϑ  (    1   +    θ  m 1     1   +    θ  m 2      )    +   1     ·    1  1   +    θ  m 2      



(3)




where MOD1 and MOD2 are the oven-dry masses of substrate 1 and 2, respectively, and    θ m    is the gravimetric water content. The dry bulk density of the mixture    (   ρ  b - m i x    )   , which is used as target value for further measurements, was derived as:


   ρ  b - m i x     =      M  O D 1     +    M  O D 2      V C     



(4)




with VC as the cylinder volume. The mass of air-dry substrate required to fill a distinct volume (V) at target bulk density was calculated as:


   M  A D m i x     =    [    1   +    θ  m 1     1   +    ϑ  − 1       +     1   +    θ  m 2     1   +   ϑ    ]    ·    ρ  b - m i x     ·    V C   



(5)








2.3. Substrate Water Characteristic and Integral Energy and Water Storage


Tempe cells (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) were used to measure the substrate WC curve. The Tempe cells were connected to a pressure manifold (Figure 2) with a high-resolution pressure/vacuum regulator and initially saturated samples were sequentially desaturated by applying increasing pressures. Each pressure step was maintained until the sample was in equilibrium with the applied pressure and the outflow ceased. A detailed description of the pressure desaturation method is provided in [12]. All measurements were performed in quintuplicate and averaged values are reported.



The van Genuchten model [57] (Equation (6)) was fitted to WC measurements for substrates exhibiting unimodal behavior and the Durner model [58] (Equation (7)) was fitted to WC measurements exhibiting bimodal behavior.


  θ  ( h )    =    θ r    +    (   θ s    −    θ r   )     [   1  1   +      |  α h  |   n     ]   m   



(6)






  θ  ( h )    =    θ r    +    (   θ s    −    θ r   )     [   (  1   −   w  )     (   1  1   +      |   α 1  h  |     n 1       )     m 1      +   w    (   1  1   +      |   α 2  h  |     n 2       )     m 2     ]   



(7)




where θ is the volumetric water content, θr and θs are the residual and saturated water contents respectively, h is the matric potential, and α, n, and m are shape parameters with m = 1 − 1/n. w is a weighting factor that varies between 0 and 1 and the indices 1 and 2 refer to the first and second substrate in the mixture, respectively.



To capture effects of the WC curve shape on plant water availability, rather than relying on two matric potential thresholds such as proposed in [17,22,23], we calculated the integral water (WI) and energy (EI) storage following [24,25] as:


   W I   [   h i  ,  h f   ]    =    1   |   h i    −    h f   |      ∫    h f     h i    θ  ( h )  d h  



(8)




where the indices i and f are the wet and dry matric potential cut-offs, respectively. WI has units of volumetric water content and represents the weighted average of water contents between hi and hf. The integral energy (i.e., the energy required to extract water from θi to θf) was calculated as:


   E I   [   θ i  ,  θ f   ]    =    1   θ i    −    θ f      ∫    θ f     θ i    h  (  h θ  )  d θ  



(9)







The integrals in Equations (8) and (9) were numerically solved with the MATLAB®—Version R2019a software package (MathWorks, Natick, MA, USA). Based on obtained WC parameters and selection of plant specific cut-off values for the wet- and dry-end matric potentials and water contents, substrate water availability can be determined as:


  R   =      W I     E I     



(10)







R indicates the amount of water that can be extracted via exertion of a unit amount of energy by plant roots within the range of the wet- and dry-end thresholds. The higher R, the easier it is for plants to extract water.




2.4. Saturated Hydraulic Conductivity


For the Ksat measurements we designed and fabricated an automated constant head device that was placed on a load cell attached to a laboratory jack and connected to a flow cell filled with substrate (Figure 3). The load cell was connected to a datalogger to record and monitor the weight change of the constant head container (i.e., Marriot tank) while water was flowing through the sample. In addition, the water temperature was continuously measured with a thermocouple and used to convert mass to volume change. The setup was initially thoroughly tested and adjusted to minimize flow resistance in the tubing and connectors. Each substrate was compacted into a flow cell at average bulk density (see Section 2.2). Before slowly saturating samples with water from the Marriot tank, they were flushed with CO2 for about 10 min at very low flow rate to enhance the saturation process. After sample saturation the constant head was adjusted with the lab jack and the experiment initiated. The experiment was terminated after several hours of steady state flow. Each substrate was measured in duplicate at 20, 15, 10, and 5 cm hydraulic heads. Darcy’s law was applied to calculate Ksat from the measured water flux density and set hydraulic heads [59].




2.5. Particle Density


While a standard water pycnometer [60] was used to measure the particle densities of tuff and coconut coir, nitrogen gas pycnometry was applied for the lighter perlite and Growstone® substrates. A Multipycnometer (Quantachrome Corp., Boynton Beach, FL, USA) with nitrogen as probing gas was used for the latter measurements. Gas pycnometry is based on Archimedes’ fluid displacement principle and Boyle’s gas expansion law. The volume of a solid or powder sample is determined via measuring the pressure drop that occurs when a known amount of pressurized gas initially contained in a reference cell with known volume (VR) is allowed to expand into a cell of known volume (VC) that contains the sample. The sample volume vs. is calculated as:


   V S    =    V C    −    V R   [     P 1     P 2      −   1  ]   



(11)




where P1 and P2 are the pressures before and after gas expansion into the sample cell. All measurements were performed in quintuplicate. From the known oven-dry mass of the sample and its determined volume VS, the particle density can be calculated. The particle densities of the mixtures were calculated based on their mixing ratios.




2.6. Phosphorus Adsorption Isotherms


Phosphorus adsorption isotherms were measured in triplicate with adsorption batch experiments. The substrates were air dried and a 1-g subsample was added to a 50 mL equilibration tube. Then 20 mL of KH2PO4 solution with concentrations of 0, 1, 5, 10, 50, and 100 mg KH2PO4-P l−1 in the background of 0.01 M CaCl2 was added to the tubes to obtain a soil/solution ratio of 1:20. The pH of the solution was adjusted with 1M sodium hydroxide to fall between 6.5 and 7.0. The samples were left to equilibrate for 24 h in an end-over-end shaker. The supernatant was extracted after centrifuging for 15 min at 12,000 rpm and filtering with 0.2 μm paper filters.



The analysis of the filtrate soluble reactive phosphorus was carried out with the ascorbic acid colorimetric method for perlite, tuff, and tuff-coir substrates. Required reagents were prepared as follows: Molybdate Reagent: 12.0 g of ammonium molybdate was dissolved in 250 mL of deionized water and 0.1455 g of antimony potassium tartrate was also dissolved in 500 mL of 5N H2SO4. Then 125 mL of ammonium molybdate solution was thoroughly mixed with the 500 mL H2SO4-antimony potassium tartrate solution and diluted to one liter with deionized water using a volumetric flask. Color developing reagent was prepared as follows: in a 1L volumetric flask, 0.739 g of ascorbic acid was dissolved in deionized water and 70 mL of the molybdate reagent added and brought to volume. A series of standard PO4-P solutions with concentrations of 0, 1, 2, 3, and 4 ppm, were prepared for calibration of the spectrophotometer each time a measurement was made. 1 mL of sample solution was mixed with 9 mL of color developing reagent in a small tube and its P concentration was measured after about 1 h with a spectrophotometer at 880 nm wavelength.



Because colorimetric determination of the phosphorus concentration requires a clear solution, which was not the case for samples containing considerable amounts of coconut coir (i.e., coconut coir, perlite/coconut core mixture, and Growstone®/coconut coir mixture), the total phosphorus concentrations for these substrates were measured with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the Arizona Laboratory for Emerging Contaminants (ALEC).



The linearized Langmuir adsorption equation was fitted to the measured data to obtain the substrate sorption parameters:


   C S    =    1  k  S  m a x       +    C   S  m a x      



(12)




where S is the total amount of P retained (mg kg−1), C is concentration of P after 24 h equilibration (mg l−1), Smax is the maximum P sorption capacity (mg kg−1), and k is a constant related to the bonding energy, l (mg P)−1. Additional details are provided in [61].




2.7. Ammonium Adsorption Isotherms


Ammonium adsorption isotherms were calorimetrically determined in triplicate in batch experiments. Ammonium solutions were prepared in concentrations of 0, 1, 5, 10, 50, and 100 mg NH4Cl-N l−1. One gram of each substrate was agitated with 20 mL of the ammonium solutions in a centrifuge tube for 3 h after adjusting the pH with 1M sodium hydroxide to fall between 6.5 and 7.0. Samples were then centrifuged and filtered with 0.2 μm filter paper. The concentration of ammonium was measured with the salicylate method following [62] with the following reagents:




	
Sodium salicylate-sodium nitroprusside solution (reagent 1): 33.0 g of NaC7H5O3 and 20.0 mg of Na2Fe(CN)5NO.5H2O was dissolved in deionized water and diluted to 100 mL.



	
Buffer solution (reagent 2): 9.33 g of sodium citrate dihydrate and 4.0 g of NaOH were dissolved in deionized water and diluted to 100 mL.



	
Hypochlorite solution (reagent 3): 5 mL of hypochlorite (10% active chlorine) was dissolved in 25 mL deionized water.








Four mL of extracted ammonium solution was mixed in a glass tube with 0.9 mL combined reagent (i.e., one part of reagent 1 mixed with two parts of reagent 2). Then within one minute 0.1 mL of reagent 3 was added to the tube, which was then placed in a dark room for 120 min to allow the establishment of the emerald blue color. The absorbance of the chromophore was measured with a spectrophotometer at 647 nm wavelength and the Langmuir adsorption model (Equation (12)) was fitted to the measured data.





3. Results and Discussion


3.1. Bulk and Particle Densities


The lowest and highest dry bulk densities achieved with the packing procedures described in Section 2.2 are listed in Table 1. The average values were used as the target bulk densities for the samples used for the WC and Ksat measurements. Perlite was the lightest of the investigated substrates with an average bulk density of 0.076 g cm−3, followed by the perlite/coconut coir mixture. Tuff exhibited the highest bulk density with an average value of 1.15 g cm−3. From transportation and handling point of view low bulk densities are desirable [63]. The determined dry mass ratios for the substrate mixtures are also displayed in Table 1.



The average particle densities and associated standard errors (SE) are listed in Table 2. As discussed in Section 2.5, a standard water pycnometer was employed for tuff and coconut coir and a gas pycnometer was used for the perlite and Growstone® substrates. Perlite exhibits the lowest particle density. The obtained value of 0.739 g cm−3 falls within the reported range of 0.28–0.98 g cm−3 [64,65]—the variations are attributable to differences in the production process. The highest particle density of 2.653 g cm−3 was determined for tuff, which is due to the presence of significant amounts of metal oxides such as aluminum, iron, and magnesium [48].




3.2. Substrate Water Characteristic and Saturated Hydraulic Conductivity


The continuous parametric WC models of van Genuchten (VG) [57] and Durner [58] were fitted to the measured matric potential and volumetric water content pairs (Figure 4). For calculation of integral water storage (WI) and integral energy (EI) the threshold matric potential at the wet-end (hi) of the WC was set at −2 cm H2O below the substrate’s air-entry potential (i.e., the potential at which the largest pore in the system starts draining and water is displaced by air—the transition from fully water-saturated to partially saturated) and the potential at the dry-end (hf) at −440 cm H2O. The latter was adapted from [66] for spring tomatoes, which is the major crop of our greenhouse trials (Figure 4). It should be noted that while the matric potential has a negative subatmospheric pressure (lower potential means larger negative number—−440 cm is lower than −2 cm), out of convenience it is commonly plotted on a positive scale with a minus sign in front of the units. It is also common to use units of lengths of H2O column (e.g., m) for the matric potential, which can be converted to pressure units (e.g., kPa) via multiplication with the density of water (kg m−3) and the acceleration due to gravity (m s−1). More details are provided in [12,15].



The hydraulic substrate properties consisting of the WC model parameters and the saturated hydraulic conductivity (Ksat) are listed in Table 3.



The integral water storage and energy values calculated for each substrate are displayed in Table 4 together with their wet- and dry-end threshold water contents and R values (Equation (10)).



Because of its aggregated structure, perlite exhibits a bimodal pore size distribution (Figure 4a) with distinct contributions of inter- and intra-aggregate pores [67]. The bimodal pore structure and WC that was well approximated with the Durner model (Figure 4a) is consistent with observations by [68], who applied mercury intrusion porosimetry to measure the pore size distribution of uncrushed expanded perlite. It should be noted that a distinct bimodal pore structure of perlite was not reported in [69,70,71]. The saturated hydraulic conductivity of perlite that was slightly above that of tuff (Table 3) falls within the range provided in [70]. Based on the WI, EI, and R values listed in Table 4, it is obvious that the plant water availability (accessibility) of perlite is the highest of all investigated substrates. In other words, perlite yields the highest water amount between the respective threshold water contents (θi and θf) per unit energy exerted by plant roots.



In contrast to perlite, tuff provides the lowest water yield of the investigated substrates between θi and θf (Table 4). This in conjunction with its high Ksat (Table 3) indicates rapid drainage of the fertigation solution from the substrate, which provides valuable insights for irrigation and fertigation management to avoid problems with water and nutrient deficiencies. For example, an increase in irrigation frequency to keep the matric potential above −200 cm would double the plant water yield for the same applied energy. Wallach et al. [17] measured hydraulic characteristics of two red tuff varieties and reported Ksat values of 130 and 439 cm h−1 and associated dry bulk densities of 1.227 and 1.091 g cm−3, respectively. They also evaluated the capability of the Mualem hydraulic conductivity model [72] to estimate unsaturated hydraulic conductivity from van Genuchten WC model parameters and found good agreement with data measured for tuff.



Coconut coir exhibits the lowest Ksat of the investigated substrates—about one-sixth of that of perlite and tuff (Table 3). Because of differences in industrial source and pretreatment of coconut coir, considerable variations in physicochemical and hydraulic properties can be expected [51]. The measured Ksat of 56.2 cm h−1 is about half of that measured by [73], who compacted the samples to a similar bulk density as used in this study. The Ksat value reported in [74] is more than one order of magnitude higher than our measurements, but due to the lack of information about the associated bulk density a direct comparison is not feasible. Their extremely high Ksat is most likely due to a much lower bulk density of the coconut coir in the narrow glass columns that were used in their experiments, which is also evident from the van Genuchten WC model α-parameter reported in [74]. In general, horticultural coconut coir does not contain a significant number of large pores. This is why it is commonly mixed with aggregated mineral substrates to enhance aeration properties [53]. In terms of plant water availability (i.e., R-value), pure coconut coir yields more water per unit of energy exerted by plant roots within the θi–θf range than the tuff/coconut coir and Growstone®/coconut coir mixtures (Table 4).



The perlite/coconut coir and tuff/coconut coir mixtures exhibit hydraulic properties that fall in between the properties of their constituents (Figure 4c,d; Table 3 and Table 4). This includes their air-entry potentials, which enhances aeration relative to sole coconut coir. The addition of coconut coir to perlite and tuff also lowers the Ksat of the mixtures, slowing down drainage and increasing the water yield (availability) within the θi–θf range. For example, the 70/30 vol.-% tuff/coconut coir mixture has a 19% higher R value than the sole tuff substrate (Table 4). Such information may be utilized to optimize (engineer) substrate mixtures via varying mixing ratios to achieve optimum plant specific growth environments in terms of total porosity, air-filled porosity, available water, aeration, and bulk density [10,14,75] as well as to provide guidance for selection of container geometry and irrigation and fertigation management [76,77,78].



The Growstone®/coconut coir mixture has the highest (i.e., least negative) air-entry potential of the investigated substrates (Figure 4), which is also evident from the high α1 Durner WC model parameter (Table 3). From Figure 4, it is evident that a −1 cm change in matric potential will cause an almost instantaneous drainage of water from about 25% of the entire pore space. As shown in [14], where both the WC and aeration properties of four soilless substrates were measured, caution is required when assessing aeration properties of mixtures containing large aggregates as water blockage and pore discontinuities might occur.




3.3. Phosphorus and Ammonium Adsorption


The Langmuir adsorption isotherm parameters for both phosphorus and ammonium are summarized in Table 5. The maximum amount of phosphorus adsorbed onto perlite, coconut coir, and the perlite/coconut coir mixture of about 20 mg per kilogram of solid is negligibly small. The low phosphorus absorptivity of perlite was previously reported by [63,79], who evaluated perlite as a potential filtration medium for urban runoff. Low phosphorus adsorption onto coconut coir was indicated in [80,81]. Tuff and the Growstone®/coconut coir mixture exhibited the highest phosphorus adsorption per unit substrate mass, about 15 and 12 times that of perlite and coconut coir (Table 5), respectively. It should be noted that while tuff and the Growstone®/coconut coir mixture show about the same capacity for phosphorus adsorption per unit substrate mass, the adsorption onto tuff within the same container volume will be more than six times higher than that onto the Growstone®/coconut coir mixture because of the significantly higher dry bulk density of tuff (Table 1).



Figure 5 depicts the measured equilibrium concentrations for both ammonium and phosphorus together with the fitted Langmuir isotherms. The low coefficients of determination (R2) for perlite, coconut coir, and Growstone®/coconut coir are attributable to low adsorption values (perlite and coconut coir) and the uncertainty inherent to the measurement procedure.



The k coefficient in the Langmuir equation represents the affinity of the adsorbed species to the adsorbent (i.e., the higher k, the stronger the affinity). When the affinity is stronger, maximal adsorption is attained at lower adsorbate concentrations and there is a sharp increase in the adsorbed amount at low concentrations. The k values in Table 5 indicate that the order of affinities of phosphorus to the substrates is perlite > coconut coir > perlite/coconut coir mixture > tuff/coconut coir mixture > tuff > Growstone®/coconut coir mixture. Despite the high affinity of phosphorus to perlite, the importance of phosphorus adsorption is small due to the combination of low Smax and low bulk density. It was expected that the k values of mixtures of two components fall between the values of the pure components. However, note that the k of the perlite/coconut coir mixture is smaller than that of coconut coir, most likely due to chemical interactions between the coconut coir and perlite surfaces. The k value of the tuff/coconut coir mixture is much closer to that of tuff, which may be attributed to the much higher bulk density of tuff.



Because of its high cation exchange capacity (CEC) [51,82], which is the most important factor for ammonium adsorption [83], the maximum amount (Smax) of ammonium was adsorbed onto coconut coir. This translates to the mixtures containing coconut coir (Table 5). Perlite exhibited the lowest Smax value of the investigated substrates, which together with its low bulk density indicates that ammonium adsorption onto perlite is rather negligible. It should be noted that because the substrates were mixed on a volume basis, the dry mass ratio parameter    ( ϑ )    in Equation (1) is crucial for estimation of adsorption properties of the substrate mixtures. For example, the 30 vol.-% coconut coir contained in the tuff/coconut coir mixture does not significantly increase ammonium adsorption. In contrast, the 50 vol.-% coconut coir contained in the perlite/coconut coir mixture significantly impacts ammonium adsorption due to an almost 30 times lower  ϑ  than that of the tuff/coconut coir mixture. The k values in Table 5 indicate that the order of affinities of ammonium to the substrates is perlite > tuff > tuff/coconut coir > perlite/coconut coir > coconut coir > Growstone®/coconut coir. Similar to phosphorus, the importance of ammonium adsorption to perlite is small due to the combination of low Smax and low bulk density. As expected, the k values for ammonium in the two component mixtures fall in between the values of the pure components.





4. Conclusions


A thorough physicochemical and hydraulic characterization of six soilless substrates and substrate mixtures that were selected based on ongoing greenhouse trials was presented. The investigated substrates included perlite, volcanic tuff, coconut coir, a 50/50 vol.-% perlite/coconut coir mixture, a 70/30 vol.-% volcanic tuff/coconut coir mixture, and a 50/50 vol.-% foamed glass aggregate (i.e., Growstones®)/coconut coir mixture. After developing a precise sample preparation procedure to assure high repeatability, the substrate WC, Ksat, particle densities, average bulk densities, as well as phosphorus and ammonium adsorption isotherms were measured with state-of-the-art techniques. The WC measurements were used to parameterize the unimodal van Genuchten [57] and bimodal Durner [58] WC models to derive integral water and energy storage parameters to estimate the amount of water that can be extracted from a specific volumetric water content range per unit energy exerted by plant roots. From integral energy calculations, it is evident that plant water availability (accessibility) of perlite is the highest of all investigated substrates, followed by the perlite/coconut coir mixture. Perlite also exhibits favorable nutrient adsorption characteristics. Despite the high affinity of phosphorus to perlite the importance of P adsorption is small due to a low maximum adsorption capacity and the low bulk density of perlite. In addition, ammonium adsorption to perlite is rather negligible. The obtained soilless substrate parameters can not only be applied for optimization (engineering) of soilless substrates via mixing of organic and inorganic constituents at different ratios to meet specific plant physiological demands, but also used for the parameterization of three-dimensional numerical computer codes for simulation of water and nutrient dynamics in containerized growth modules to aid with their design and management as well as to provide scientifically sound data for the design of greenhouse trials to avoid costly trial and error experiments, which motivated this study and is part of our ongoing research.
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Figure 1. Investigated soilless substrates and substrate mixtures. (a) perlite, (b) tuff, (c) coconut coir, (d) 50/50 vol.-% perlite/coconut coir mixture, (e) 70/30 vol.-% volcanic tuff/coconut coir mixture, and (f) 50/50 vol.-% foamed glass aggregate/coconut coir mixture. 
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Figure 2. Setup of the Tempe cell experiment. 






Figure 2. Setup of the Tempe cell experiment.



[image: Agronomy 10 01403 g002]







[image: Agronomy 10 01403 g003 550] 





Figure 3. Automated constant head setup for Ksat measurements. 
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Figure 4. Measured WC data displayed with the fitted unimodal van Genuchten (Equation (6)) or bimodal Durner (Equation (7)) WC models for: (a) perlite, (b) tuff, (c) perlite/coconut coir, (d) tuff/coconut coir, (e) coconut coir, and (f) Growstone®/coconut coir. The error bars represent the standard deviation of the measured volumetric water contents. The wet- and dry-end matric potential thresholds, hi and hf, and their corresponding water contents, θi and θf, are marked with dash-dotted lines. The pore size distributions associated with the WC curves are plotted on the right side. 
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Figure 5. Measured   N  H 4    +    and    H 2  P  O 4    −    equilibrium concentrations displayed with the fitted Langmuir adsorption isotherms and the associated coefficients of determination. 
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Table 1. Dry bulk densities and oven-dried mass ratios of mixtures determined with compaction experiments.






Table 1. Dry bulk densities and oven-dried mass ratios of mixtures determined with compaction experiments.





	
Substrates

	
Mixing Ratio

(vol.-%)

	
Dry Mass Ratio     ( ϑ )    

	
Dry Bulk Density (g cm−3)




	
Lowest

	
Highest

	
Average






	
Perlite

	
-

	
-

	
0.072

	
0.080

	
0.076




	
Tuff

	
-

	
-

	
1.100

	
1.200

	
1.150




	
Coconut coir

	
-

	
-

	
0.100

	
0.120

	
0.110




	
Perlite/coir

	
50/50

	
0.73

	
0.082

	
0.094

	
0.088




	
Tuff/coir

	
70/30

	
25.82

	
0.875

	
0.975

	
0.925




	
Growstone®/coir

	
50/50

	
2.89

	
0.180

	
0.190

	
0.185
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Table 2. Measured particle densities.






Table 2. Measured particle densities.





	Substrates
	Particle Density (g cm−3)
	Standard Error





	Perlite
	0.739
	0.004



	Tuff
	2.653
	0.015



	Coconut coir
	1.717
	0.069



	Growstone®
	1.621
	0.014
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Table 3. Substrate WC parameters and measured Ksat (for parameter definitions see Equations (6) and (7) in Section 2.3).






Table 3. Substrate WC parameters and measured Ksat (for parameter definitions see Equations (6) and (7) in Section 2.3).





	Substrate
	θr

(cm3 cm−3)
	θs

(cm3 cm−3)
	α1

(cm−1)
	n1
	α2

(cm−1)
	n2
	w
	Ksat

(cm h−1)
	SE *

(cm h−1)





	Perlite
	0.001
	0.818
	0.822
	1.820
	0.032
	1.164
	0.558
	305.1
	16.7



	Tuff
	0.014
	0.483
	6.970
	1.249
	-
	-
	-
	304.2
	12.1



	Coconut Coir
	0.010
	0.874
	0.062
	1.296
	-
	-
	-
	56.2
	5.1



	Perlite/Coir
	0.005
	0.837
	0.599
	1.331
	0.011
	1.318
	0.416
	165.1
	8.4



	Tuff/Coir
	0.014
	0.549
	0.458
	1.267
	-
	-
	-
	110.7
	11.6



	Growstone®/Coir
	0.004
	0.722
	56.290
	5.146
	0.295
	1.232
	0.765
	172.4
	9.9







* Standard error of Ksat measurements.
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Table 4. Integral water storage and energy values and associated threshold water contents (for parameter definitions see Equations (8) to (10) in Section 2.3).






Table 4. Integral water storage and energy values and associated threshold water contents (for parameter definitions see Equations (8) to (10) in Section 2.3).





	Substrate
	θi

(cm3 cm−3)
	θf

(cm3 cm−3)
	WI

(cm3 cm−3)
	EI (cm)
	R

(cm3 cm−3 cm−1) × 10−3





	Perlite
	0.586
	0.298
	0.348
	80.03
	4.35



	Tuff
	0.314
	0.093
	0.120
	54.69
	2.19



	Coconut Coir
	0.734
	0.333
	0.431
	120.65
	3.57



	Perlite/Coir
	0.681
	0.288
	0.372
	96.94
	3.83



	Tuff/Coir
	0.431
	0.144
	0.187
	69.02
	2.71



	Growstone®/Coir
	0.511
	0.182
	0.231
	67.78
	3.41
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Table 5. Langmuir adsorption isotherm parameters for phosphorus and ammonium.






Table 5. Langmuir adsorption isotherm parameters for phosphorus and ammonium.





	

	
Phosphorus

	
Ammonium




	
Substrate

	
Smax

(mg kg−1)

	
k

(l mg−1 KH2PO4-P)

	
Smax

(mg kg−1)

	
k

(l mg−1 NH4-N)






	
Perlite

	
18.0

	
0.984

	
43.6

	
3.376




	
Tuff

	
270.6

	
0.066

	
432.8

	
0.135




	
Coconut Coir

	
23.0

	
0.548

	
1419.5

	
0.036




	
Perlite/Coir

	
24.2

	
0.327

	
809.0

	
0.056




	
Tuff/Coir

	
241.8

	
0.102

	
517.3

	
0.083




	
Growstone®/Coir

	
265.5

	
0.036

	
473.6

	
0.054
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