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Abstract: Mass balance principles are a cornerstone of efficient fertilizer use and can be utilized to
optimize plant nutrition without discarding or leaching solution. Here, we describe the maintenance
of closed hydroponic and soilless substrate systems based on mass balance. Water removed by
transpiration is restored with solution that replaces the nutrients that were taken up with the water.
The concentration of nutrients in this refill/irrigation solution is determined by multiplying the
optimal concentration of each nutrient in plant tissue by the water-use efficiency (WUE; ratio of
dry mass to water transpired). Optimal leaf nutrient concentrations are well established, but WUE
in controlled environments varies widely and is less well characterized. Elevated CO2 increases
photosynthesis and demand for nutrients, but partially closes stomata and reduces transpiration; so
high CO2 dramatically increases WUE. The concentration of the refill/irrigation solution must be
adjusted to account for a two-fold range of WUE, from 3 g L−1 in ambient CO2 in lower humidity,
to 6 g L−1 in elevated CO2 in higher humidity. WUE and nutrient requirements vary during the
vegetative and reproductive stages of growth, and adjustment of the solution over the lifecycle can
be beneficial. Measurement of solution electrical conductivity (EC) is helpful, but if the solution is
appropriate, low EC usually means healthy plants and active nutrient uptake. The ammonium to
nitrate ratio is critical to pH management. We have applied these principles across multiple species
and environments to achieve long-term, steady-state nutrient concentrations with no discharge or
leaching of solution.

Keywords: mass balance; hydroponics; nutrient management; water-use efficiency

1. Introduction

Plants in controlled environments are grown in restricted root-zones that use liquid hy-
droponics or a soilless substrate irrigated with nutrient solution. The pinnacle of precision
nutrition is to achieve long-term optimal nutrient balance with no leaching or discarding of
nutrients to the environment. Completely closed systems eliminate nutrient discharge but
require a refill/irrigation solution that replaces both the water and nutrients as they are
removed by the plants.

Many hydroponic growers dump and replace nutrient solution at weekly intervals;
growers using soilless media apply excess water and leach nutrients from containers, all in
an effort to maintain optimal nutrition.

In hydroponic systems, water removed during transpiration is often replaced with
deionized water without replacing the nutrients. Although the solution is eventually
discarded and replaced, extrapolation of results from these systems is difficult because the
nutrient concentrations are not steady state [1].

Optimal nutrition in closed systems can be achieved throughout the crop life cycle
when nutrient management principles are followed. This approach is based on measure-
ments and modelling of water use efficiency (WUE) and tissue nutrient concentrations.
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The nutrients remain in leaves as water evaporates through transpiration. The desired
concentration of each nutrient in the plant multiplied by the WUE determines the required
concentration of each nutrient in the nutrient solution, assuming 100% water utilization.

This approach minimizes the need to monitor ions in the recirculating solution. We de-
scribed this conceptual approach almost 20 years ago [2], but have made many refinements
since the original review and present them in this article.

2. Nutrient Management by Mass Balance

Optimal nutrient solutions can be developed using the principle of mass balance [2,3].
This is an application of the conservation of mass [4] (https://en.wikipedia.org/wiki/
Mass_balance, accessed on 7 June 2022). Mass balance principles are widely used in
analyzing complex environmental systems, but they have not been widely used in closed
root-zone environments.

What has come to be called the “Hoagland solution” was originally developed by
Hoagland and Snyder in 1933 [5], refined by Hoagland and Arnon in 1938 [6], and revised
by Arnon in 1950 [7]. Hoagland, Snyder, and Arnon are generally acknowledged as
developing hydroponic solutions with ratios of nutrients based on nutrient ratios in plant
leaves, but they recommend discarding and replacing the solution at weekly intervals to
reduce the accumulation of salts. Hoagland Solution One is based on all nitrate nitrogen;
Hoagland Solution Two includes a combination of nitrate and ammonium nitrogen [8].
None of these solutions have incorporated the principle of mass balance to facilitate
nutrient recycling.

Mass balance means that nutrients in hydroponics are either in the nutrient solution
or in the plant (Figure 1). The potentially high cation exchange capacity of substrate
components means that nutrients can be adsorbed and desorbed by the substrate, but the
same principles apply.
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2.1. Solution Concentration: The Importance of Water Use Efficiency

WUE is defined as biomass produced per unit of water transpired [9–11]. WUE can
be calculated by dividing the total dry mass of the plants at harvest by the cumulative
volume of water added to the root-zone. WUE is determined by both the driving gradient
for transpiration and by stomatal conductance. WUE ranges from 3 g of dry biomass per
liter of water, with ambient carbon dioxide (CO2) at 40% relative humidity, to 6 g of dry
biomass per liter of water transpired in elevated CO2 at 70% relative humidity [12,13].

Water moves into the roots and travels up the stem to the leaves, where it evaporates in
transpiration through the stomata. The transpiration rate is partly determined by the vapor
pressure deficit (VPD) in the air, which is the driving gradient for transpiration [14,15]. An
increase in relative humidity from 40% to 70% decreases the VPD by 50%, and will decrease
transpiration by 50% if there is no change in stomatal conductance or other environmental
conditions. Air temperature indirectly affects the driving gradient for transpiration through
changes in VPD.

WUE is also determined by changes in stomatal conductance. The effect of elevated
atmospheric CO2 on WUE is often not fully appreciated. Elevated CO2 partially closes
stomata, which decreases transpiration, increases growth, and increases WUE [16]. Bug-
bee [17] found that stomatal conductance can decrease by more than 30% as CO2 concen-
tration increases from 400 to 1200 ppm. In a comprehensive meta-analysis, Ainsworth
and Rogers [18] found that stomatal conductance decreased by 22% as the average CO2
concentration increased from 366 to 567 ppm. Elevated CO2 and high relative humidity,
which are common in closed, controlled environments, can combine to increase WUE from
3 to 6 g L−1. In practice, we typically measure a WUE of about 5 g per L at 1200 ppm CO2
and 60% relative humidity (1.3 kPa VPD at 25 ◦C).

The WUE is reduced if there are evaporative losses from the media or solution. Surface
evaporation in field environments can reduce WUE from 3 to 1 g L−1 [13]. In water-limited
environments, drip irrigation is often used to minimize surface evaporation and improve WUE.

The bubbling associated with aeration causes an evaporative loss of water in hydro-
ponics, but this loss is typically less than 5% of transpiration. If the air introduced for
bubbling comes in at 40% relative humidity and leaves at 80% relative humidity at 25 ◦C,
this is an increase in absolute humidity from 9 to 19 g of water per kg of air, an increase of
10 mg of water vapor per L of air at sea level. Evaporation associated with bubbling would
thus remove 72 mL of water per day, at a flow rate of 5 L of air per minute and 40% ambient
relative humidity. For a 50 L container, this is equal to 0.14% of the solution volume per day.
This volume of water is accounted for in the determination of whole-plant WUE because
the evaporative loss must be replaced with refill solution. The low evaporation rate in
aerated hydroponics is part of the reason the WUE of hydroponically grown crops can be
higher than container grown crops where significant amounts of water can evaporate from
the media surface.

WUE is also altered by increased air velocity, which reduces the boundary layer and
humidity at the leaf surface and can increase transpiration and decrease WUE [19].

The photosynthetic photon flux density (PPFD) varies widely in controlled environ-
ments, but this has a small effect on WUE. Increasing photon flux increases photosynthesis
and demand for nutrients, but simultaneously increases transpiration, so the WUE stays rel-
atively constant [20]. This means that the mass balance approach for nutrient management
is self-correcting across cloudy and sunny days [21].

WUE can also vary among species, but these differences are smaller than is often
thought [22]. When grown in equivalent conditions in a greenhouse environment in Logan,
UT, USA, at ambient CO2, we found that the WUE over the lifecycle of wheat (Triticum
aestivum), tomato (Solanum lycopersicum), and lettuce (Latuca sativa) was 3.5, 3.8, and
3.3 g L−1, respectively. This WUE is representative of C3 crops in this environment. C4
crops (corn (Zea mays), sorghum (Sorghum bicolor), and sugarcane (Saccharum officinarum))
are not widely grown in controlled environments, but they have about two-fold higher
WUEs than C3 species [23,24].
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2.2. Measuring Water Use Efficiency

The WUE multiplier is best determined after harvest of a crop by dividing the total dry
biomass by the cumulative water added. As a starting point, we have found that the WUE
can be reasonably estimated from the average ambient humidity and CO2. The lowest
WUE values have occurred in our greenhouse at 400 ppm CO2 and 40% relative humidity
and have been 3 g L−1; the highest values, with CO2 enrichment and 70% humidity,
can approach 6 g L−1. Nutrient concentrations can initially be based between these two
environments and refined with each subsequent crop.

2.3. Optimal Nutrient Concentration in Leaf Tissue

Nutrient imbalances eventually become evident through visual symptoms, but tissue
analysis provides a more definitive indication of nutrient status.

Thousands of empirical studies have been conducted to determine the optimal concen-
tration of nutrients in the leaf tissue [25–29]. A detailed and comprehensive summary of the
early studies was published by Homer Chapman in 1963 [30]. Additional summaries have
been published by Robinson [31] and Bennett [32]. A thorough discussion of principles and
a concise table of optimal nutrient concentrations is provided by Marschner ([33], Table
11.5). Nutrient requirements are surprisingly similar across a wide range of species.

Plant dry biomass is 90 to 95% carbon, hydrogen, and oxygen; the remaining 5 to 10%
is the mass of the 15 essential and beneficial elements.

2.4. Calculating Solution Concentrations

The concentration of the nutrient solution is calculated by multiplying the tissue
nutrient concentrations by the WUE (Equations (1) and (2), and Figure 2).

Tissue nutrient concentration ×WUE = Nutrient solution concentration (1)
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Figure 2. A diagram illustrating how the nutrient solution is calculated from measurements of
nutrient concentrations in plant tissue (tissue analysis) and water use efficiency. Nutrients are
delivered as ions: nitrogen as NO3

− or NH4
+, phosphorus as H2PO4

−, potassium as K+, calcium as
Ca2+, magnesium as Mg2+, and sulfur as SO4

2− for macronutrients.

An example of calculating the concentration of nitrogen (N) in solution, assuming a
desired 3% tissue concentration and 3 g L−1 WUE, is shown in Equation (2).

(30 mg N ÷ 1 g leaf tissue) × (3 g leaf tissue ÷ 1 L water) = 90 mg L−1 = 90 ppm N (2)
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The calculation is the same when the WUE is doubled from 3 to 6 g L−1, but the final
solution concentration also doubles to yield 180 mg L−1 = 180 ppm N (12.8 mM N).

This same process can be applied to all nutrients to calculate the desired concentrations
in solution (Table 1).

2.5. Solution Examples

Examples of nutrient solutions for specific crops are available online [34]. To facilitate
making multiple types of solutions, we prepare molar stock solutions of the common
nutrient salts (e.g., calcium nitrate, potassium nitrate, monopotassium phosphate, and
magnesium sulfate) with concentrations that are 100 to 1000 times greater than the final
solution. Each stock solution is diluted 1 to 10 mL per L into deionized water to prepare
the final nutrient solution. This approach simplifies the development of solutions with
concentrations in molar units.

Table 1. An example of optimal tissue concentration values of most crop plants for all leaves (young
and old) used for determining solution concentration for each nutrient with low (3 g L−1) and high
(6 g L−1) water-use efficiency (WUE). The final two columns show the hydroponic solution currently
used by Utah State University (USU). The footnotes describe the reasons for deviation from the
calculated minimum solution concentration.

Nutrient Optimal Leaf Tissue
Concentration

Calculated Solution Concentration
—-Water Use Efficiency—-

USU Hydroponic Solution
—-Water Use Efficiency—-

3 g per L 6 g per L 1 3 g per L 6 g per L 1

Macro (%) ———- (mg per L; ppm) ——— ———- (mg per L; ppm) ———

N 3 90 180 101 2 202
P 0.4 12 25 12 25
K 4 117 235 117 235
Ca 1.5 44 88 60 120
Mg 0.5 15 29 19 39
S 0.5 16 32 26 51
Si 0.5 3 14 18 17 34

Micro (mg per kg; ppm)

Fe 100 0.3 0.6 0.4 0.8
B 50 0.15 0.3 0.4 0.9

Mn 50 0.15 0.3 0.2 0.3
Zn 50 0.15 0.3 0.2 0.4
Cu 10 0.03 0.06 0.1 0.3
Cl 100 0.3 0.6 1.2 2.5
Mo 0.001 2.9 ppt 4 5.8 ppt 9.6 ppb 4,5 19 ppb
Ni 0.000001 0.003 ppt 4 0.006 ppt 5.9 ppb 4,5 12 ppb

1 Values may not be exactly double due to rounding errors. 2 Additional nitrogen comes from the pH control
solution (see section on automated pH control). 3 Silicon (Si) is not an essential nutrient but is highly beneficial [35]
(see section on silicon). 4 ppt = parts per trillion, ppb = parts per billion. 5 Molybdenum and nickel concentrations
are much higher than needed in the USU dicot solution, but these concentrations are measurable, and we do not
see accumulation of these nutrients in solution.

If nutrient solution concentrations are in mass units (ppm) the calculations are often
more complicated. The software program HydroBuddy (https://github.com/danielfppps/
hydrobuddy, accessed 7 June 2022) is designed to facilitate the development of nutrient
solutions based on common fertilizer salts. The software calculates the mass of each salt
necessary to make a desired final solution. It works particularly well with fertilizer injectors
and continuous liquid fertilizer application in soilless media.

2.6. Example Calculations for Low and High WUE

Table 1 shows the calculations for each nutrient at the highest and lowest WUEs. An
equivalent table with molar units is provided in Supplementary Information 1. The optimal
leaf tissue concentration is typical for most species; values can be adjusted as needed for
specific species.

Several adjustments to the calculated values in Table 1 are made to the USU Hydro-
ponic Solution [34] to improve nutrient availability and uptake.

Values for N are adjusted to account for N from the pH control system.

https://github.com/danielfppps/hydrobuddy
https://github.com/danielfppps/hydrobuddy
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Phosphorus and Potassium are not adjusted.
Calcium (Ca) is high to provide ample Ca for lettuce, which is susceptible to tipburn.
Magnesium (Mg) is high to provide ample Mg for lettuce, which typically has about

50% of the desired level in leaves (0.2% typical vs. 0.5% optimal).
Sulfur (S) is high because it is an anion carrier for cations. Higher levels of SO4

2− are
rarely toxic.

Iron (Fe) is chelated with diethylenetriaminepentaacetic acid (DTPA) to ensure solubil-
ity at higher pH levels (see section on chelates and iron). Fe is higher than the minimum to
provide ample Fe for sensitive crops.

Boron (B) is high to provide ample B for lettuce. At the same WUE, lettuce commonly
has tissue concentrations of 20 ppm B compared to 80–100 ppm B in tomatoes. The optimum
leaf concentration is considered to be 20 to 80 ppm for both species, so plant uptake from
this high level of B in solution is barely adequate for lettuce and is on the high end for
tomatoes. The concentration of B in solution increases throughout the lifecycle of lettuce,
indicating that lettuce absorbs B more slowly than tomato [36].

Manganese (Mn) is chelated with ethylenediaminetetraacetic acid (EDTA) to minimize
precipitation as manganese oxides.

Zinc is elevated by 33% to provide ample Zn for sensitive crops.
Copper is chelated with EDTA to minimize precipitation with phosphates. Copper

concentration is four times higher than necessary to inhibit bacterial and fungal diseases in
hydroponic solutions (see section on copper). Peat moss and coco coir bind up to 18 mg of
Cu per g of substrate [37], so Cu can be increased further in these soilless substrates without
plant tissue toxicities, but these higher rates do not always provide reliable inhibition
of diseases.

Chlorine is higher than necessary because of its inclusion as a balancing anion for the
required cations.

Molybdenum (Mo) and nickel (Ni) are higher than necessary to provide ample Mo
and Ni, and because of ease of preparation of the small amounts in the stock solutions.
These elements rarely accumulate in solution and are not toxic at these trace levels.

2.7. Mass and Molar Units for Solution Concentrations

Nutrient concentrations in solution are usually given in mass units. Elements in
solution react on a molar basis. The amount of N on a molar basis is greater than the sum
of all other elements. One mole of Ca precipitates with one mole of sulfate. Electrical
conductivity and charge balance are based on moles of charge [38]. One mole of Fe is bound
by one mole of chelate. The concentration of boron exceeds iron on a molar basis. For this
reason, it helps to be “bilingual” in discussing units for nutrient concentrations in solution.
To facilitate this thinking, a version of Table 1 in molar units is included as Supplementary
Information 1.

2.8. Mass Balance Recovery at Harvest

The mass balance approach assumes that nutrients are not lost by precipitation and
that there is a high recovery of nutrients over the life cycle. Nutrient additions over the
life cycle should be equal to the sum of nutrients in the plants and solution at harvest.
It is helpful to determine nutrient recovery in long-term studies. This relies on accu-
rate measurement of nutrients in both plant tissue and in solution (see section on leaf
tissue analysis).

Lettuce grown in a deep-water culture (DWC) system can have high recovery for most
nutrients (Table 2). A recovery greater than 100% indicates contamination or analytical
error. Even with chelated Fe, Fe frequently precipitates and typically has lower recovery.



Sustainability 2022, 14, 10204 7 of 25

Table 2. An example of calculating the mass balance recovery of nutrients in lettuce leaf, root, and
solution at harvest from three studies, n = 3. Standard deviation (not shown) among replicate studies
was less than 2% for all nutrients except iron (5%) and nickel (61%). Recovery in solution was high for
micronutrients due to a large solution volume to plant ratio and a short growth cycle. The recovery
in leaf and root tissues would be higher for longer studies. Manganese was not chelated in this study
and recovery was low.

Mass Balance Recovery (%)

Nutrient Leaf Root Solution Total

N 70 11 18 98
P 66 12 18 96
K 69 10 19 98
Ca 22 2 78 102
Mg 22 3 73 98
S 7 3 100 110

Fe 12 9 50 71
B 8 2 85 94

Mn 41 5 3 49
Zn 31 12 76 119
Cu 4 3 91 99
Mo 12 19 78 109
Ni 3 15 112 130

Without chelation, Mn can have a low recovery in hydroponic systems due to a high
oxidation reduction potential and subsequent precipitation as Mn oxides [39], which are
unavailable for plant uptake (see review by Alejandro et al. [40]). In a comprehensive
analysis of Mn solubility in natural waters, Hem [41] found that the Mn2+ ion frequently
oxidizes to Mn3+ and subsequently to manganese oxides. Aerated hydroponic solutions
can have a standard hydrogen electrode potential of 500 mV which translates to a redox
potential of 700 mV. At these redox potentials, Mn starts to precipitate above a pH of about
6 (see diagrams in [41]). For this reason, we now use Mn-EDTA to maintain solubility.

Lettuce is a short-term crop (30 days), and the large volume to cultivation area (V:CA)
ratio of the DWC system means that most nutrients with intermediate uptake and all
nutrients with passive uptake remain in the nutrient solution.

2.9. Adjusting for Nutrient Concentrations in Stems and Roots

WUE values are based on total plant mass, which includes fruits, stems, and roots.
These plant parts can have lower nutrient concentrations than leaves. This means that the
nutrient calculations can overestimate actual nutrient needs of the whole plant biomass.
In plants with a significant fraction of stem mass, the refill solution can thus be decreased
in the later part of the life cycle. If no adjustment is made, the nutrients added to the
solution tend to exceed plant requirements. We have, however, not found this change to be
necessary in tomatoes, which continue to have significant fruit and stem biomass during
the second half of the life cycle.

2.10. Precision Nutrient Delivery to Enhance Quality and Morphology

N and P concentrations are sometimes reduced to enhance visual appearance of the
plant, even at the cost of maximum growth rate.

Reduced N is used to decrease leaf size in crops such as gerbera, geranium, and
primula. Although 3% N in leaves is typically adequate for maximum growth, a lower N
concentration can result in more compact growth with a minimal reduction in yield [42].

Similarly, reduced delivery of P can decrease stem elongation [43]. For floriculture
crops, height control is essential because shipping efficiency decreases as plant height
increases. Reducing the concentration of P from about 15 to 8 ppm is commonly used for
small seedlings and vegetatively propagated plants. For larger floriculture crops grown
for flowering, a P concentration of less than 14 ppm (at ambient CO2) helps promote
compact growth.
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High nutrient concentrations have been used to make the osmotic water potential
more negative in solution, which can reduce vegetative growth and improve fruit quality.
However, high nutrient levels have significant potential to result in toxic accumulation in
leaves. High salinity from Na reduces growth of most crops, but elevated K in tomato can
lead to higher quality and better-tasting fruit [44].

3. Differential Rates of Nutrient Uptake

Frequent monitoring of individual nutrients in solution is often recommended, but
the need for monitoring can be minimized by deriving a refill solution using the mass
balance principles. Monitoring approaches usually attempt to maintain the concentration
of each nutrient in solution. However, rapidly growing plants are hungry for nutrients with
active uptake. They will continue absorbing nutrients with no sense of when to stop. If
the nutrient concentration is maintained at initial levels, the plant will continue absorbing
them, sometimes to toxic levels [45]. Loneragan et al. [46] found that excess phosphorus
(P) can induce deficiencies in other nutrients, such as iron (Fe) and zinc (Zn). Parry and
Bugbee [47] found excessive P in nutrient solutions can also precipitate Fe, even with ample
Fe chelation.

Nutrients can be divided into three uptake categories: active, intermediate, and passive
(Table 3). Nutrients with active uptake are rapidly removed from solution, and frequent
replenishment can result in excessive uptake [48]. Nutrients with passive uptake are taken
up at the same rate as water, and their concentrations remain close to their initial level [49].
Nutrients with intermediate uptake can be taken up faster than water but at lower rates
than those with active uptake.

Table 3. Uptake strategies of essential plant nutrients.

Uptake Strategy Nutrient

Active N, P, K, Mn
Intermediate Mg, S, Fe, Cu, Zn, Mo, Ni, Cl

Passive Ca, B

An understanding of uptake rate is essential for interpreting the concentration of
nutrients in solution [2]. Nutrients with active uptake are typically at extremely low levels,
even with high concentrations in the refill solution. This indicates a healthy, actively
growing crop. The appropriate nutrients are added with the refill solution.

Bugbee [2] appears to be the first to include Mn among the nutrients with active
uptake, but its rapid uptake has not been widely reported. The active uptake of Mn
is based on its rapid disappearance from solution and the resulting high concentration
in leaf tissue. Castaings et al. [50] indicated that active Mn2+ uptake may be accom-
plished by the transporter IRT1. Mn uptake and acquisition were recently reviewed by
Alejandro et al. [40].

Mn availability increases as pH decreases. The concentration of Mn must be main-
tained at low levels in the root zone to avoid toxic levels in the leaf tissue. Multiple studies
have found Mn levels above 500 mg kg−1 (500 ppm) in leaf tissue [51,52], which is as-
sociated with necrotic lesions on the leaves. Maintaining a root-zone pH of 6 to 6.5 can
minimize Mn toxicity.

3.1. Uptake of Nitrate and Ammonium

N is taken up from solution faster than the sum of all other nutrients [53,54], and
it is the only nutrient taken up as both a cation (ammonium, NH4

+) and anion (nitrate,
NO3

−) [55]. The uptake of these two ions alters pH due to the principle of charge bal-
ance [33]. NO3

− uptake causes hydroxide ions to be released (or protons to be absorbed),
which raises the pH. NH4

+ uptake releases protons, which lowers the pH. It is possible to
stabilize pH by controlling the concentration of these two ions in solution (Figure 3), but
NH4

+ is taken up 100 to 1000 times faster than NO3
− [56], and an elevated concentration
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of NH4
+ thus causes a rapid pH decrease [57]. With most species, we have found that

the NH4
+ concentration must be maintained at micromolar concentrations with millimo-

lar concentrations of NO3
− to stabilize pH in systems without a solid substrate. NH4

+

must be added in frequent small amounts in liquid hydroponic solutions that have low
buffering capacity.
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Figure 3. pH over time in two systems. The system represented by the red line was controlled
with a pH control solution containing only nitric acid. The system represented by the blue line was
controlled by a solution containing a 2:1 ratio of nitric acid and ammonium sulfate (see Section 11.3).
The ammonium was added in micromolar amounts with the nitric acid and did not exceed 10 µM in
solution. Simultaneous uptake of nitrate and ammonium resulted in steady pH. Sharp pH dips are
localized pH during acid injection and do not represent the pH of the bulk solution. Plant uptake
of nitrogen is reduced during the night because of reduced root metabolism and there is minimal
change in pH.

Excessive uptake of ammonium can inhibit the uptake of other cations. For this reason,
maintaining ammonium at consistent low levels usually results in balanced nutrient uptake
and optimal growth.

Excessive NH4
+ in solution can decrease pH below 4 (Figure 4), which causes increased

solubility of metals in soilless media, resulting in excessive uptake and potential toxicity.
The pH typically increases due to predominance of NO3

− uptake after the NH4
+ has been

absorbed. For most crops, including lettuce, tomato, wheat, and petunia, the NO3
− to

NH4
+ ratio in the hydroponic solution must be at least 20:1 to avoid decreasing pH.
Plants typically grow better if both N forms are provided. With rigorous pH control, we

have grown lettuce with up to 50% NH4
+ and wheat with up to 85% NH4

+ [58,59]. However,
high NH4

+ typically reduces calcium uptake [56], which can accentuate calcium transport-
related diseases (e.g., tipburn in lettuce and blossom end rot in tomatoes). The effect of
the NO3

− to NH4
+ ratio on pH is not uniform among species; lettuce, tomato, wheat, and

petunias require more NH4
+ to balance pH than geranium [60] and impatiens [61].

The effect of the NO3
− to NH4

+ ratio on pH can be less significant in soilless substrates,
because of the buffering capacity of the substrate and increased microbial nitrification of
the NH4

+.
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Figure 4. pH changes in lettuce grown with 100% nitrate (NO3
−, red line) and ample NO3

− but
excess ammonium (about 0.1 mM ammonium, NH4

+, blue line). The system with 100% NO3
−

did not increase above pH 5.8 because pH was automatically controlled to prevent increasing pH
with nitric acid. Neither system had automated control to prevent decreasing pH. The pH in the
high-ammonium system started to increase on day 17 after the NH4

+ was depleted and uptake was
all from NO3

−.

3.2. Urea in Hydroponics

Urea absorption by plants is slow compared to NO3
− and NH4

+, and it is usually
microbially converted to NH4

+ in solution before uptake. Urea is the most widely used
N source in field agriculture, but it is rarely used in hydroponics because of the difficulty
of controlling hydrolysis (conversion of urea to NH4

+). Urea hydrolysis to NH4
+ results

in a net production of one hydroxide ion per urea molecule [62], which causes an initial
pH increase, but this is later reversed as subsequent plant uptake of the NH4

+ releases
protons. Subsequent nitrification can further decrease pH. We have found that hydrolysis
in liquid hydroponics can be slow for days or even weeks, followed by rapid conversion
and increases in NH4

+ as bacterial populations grow exponentially, which can cause the
pH to decrease by two units over 12 h. We recently refined a colorimetric assay to quantify
hydrolysis rates of urea in solution [63].

Some hydroponic studies have shown adequate growth of tomato with urea [64],
but other studies have found that high levels inhibit growth [65]. Luo et al. [66] found a
reduction in cation uptake when urea was used in place of NO3

− as a N source because the
presence of NH4

+ favored anion uptake. We have also found erratic dry mass accumulation
in plants grown with urea and do not recommend its use in hydroponics. Urea hydrolysis
is more predictable in soilless media where there is ample media surface area to support
microbial activity [67].

3.3. Synergisms and Antagonisms among Nutrients

Plant cells and solutions must have electroneutrality, which means that the concen-
tration of cations and anions must be equal. This principle also means that the uptake
of cations is associated with the uptake of anions, and vice versa. The principle is the
underlying basis for most synergisms and antagonisms in nutrient uptake. Cation uptake
inhibits the uptake of other cations, and anions inhibit anions. Conversely, cation uptake
promotes the uptake of anions and vice versa.

The form of N uptake dominates synergisms. A high fraction of NH4
+ inhibits other

cations, especially Ca2+. Solutions with 100% N as NO3
− tend to increase cation uptake,

especially macronutrient cations like K+, Ca2+, and Mg2+.
In soilless substrates, these nutrient interactions are more complex as cations are

absorbed and desorbed from the solid phase depending on pH, but these interactions are
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simplified in hydroponics where nutrients are uniformly distributed, and availability can
be rigorously quantified.

One highly beneficial aspect of managing nutrients by mass balance is that ion con-
centration in solution is low and nutrient antagonisms are thus minimized. At higher
concentrations, several nutrients are insoluble (ferric phosphate, calcium phosphates), and
this precipitation reduces their bioavailability. Chapter 2 in Marschner [33] reviews the
effects of the form of N uptake on other elements and reviews the literature on specific
synergisms and antagonisms.

The “Mulders Chart”, also called the soil mineral wheel, is a commonly referenced
diagram that includes lines connecting the nutrient elements that have proposed synergisms
and antagonisms (https://www.n-xt.com/en/soil-health/limiting-minerals, accessed 7
June 2022). No physiological basis is given for the many connecting lines on the chart.
Surprisingly, this chart does not separate the two forms of N, and it thus neglects some
of the most significant nutrient interactions. It was developed from data for mineral soils,
where interactions with the solid phase affected nutrient availability.

4. Nutrient Monitoring Using Electrical Conductivity

Ions in solution conduct electricity, so a higher electrical conductivity (EC) indicates
a higher ion concentration [68]. An increase in EC over time indicates a low WUE with
nutrients removed slower than water. Conversely, a decrease in EC over time indicates a
high WUE with nutrients removed faster than water.

4.1. Theoretical Background

EC is related to ionic strength, which is a measure of the electric field created by the
ions [69]. The ability of ions to conduct electricity is complex and is related to concentration,
ionic charge, diffusion coefficient, and limiting molar conductivity. The Nernst–Einstein
equation incorporates each of these parameters to predict EC from ion concentration. This
is used to calculate EC in the Hydrobuddy software. For a comprehensive discussion of
this relationship, we recommend the well-documented, publicly available Aqion software
(www.aqion.de, accessed 7 June 2022).

We have used a simpler version of the Nernst–Einstein equation based on ionic
strength, which is the sum of the concentration of each ion multiplied by its charge [70]. In
a widely cited paper, Griffin and Jurinak [71] found that EC across many natural waters
was linearly related to the ionic strength with a slope coefficient of 79 (Equation (3)).

EC ≈ 79 × 1/2 Σ cz2 (3)

where:
EC = electrical conductivity of the nutrient solution (mS cm−1)
79 = an empirical coefficient based on nutrient ion combinations (mS L cm−1 mol−1)
1/2 = a multiplier that accounts for anions and cations with the same electric field [72]
c = molar concentration of each ion
z = charge of each ion

This relationship means that divalent ions have a four-fold greater effect on EC (z2)
than monovalent ions. Therefore, EC is not a direct measurement of the total ion concentra-
tion when the ratio of mono- and divalent nutrients change. We have, however, measured
a similar slope coefficient (73) for our nutrient solutions. This relationship is linear for all
nutrient solutions used to grow plants.

Despite the significant effect of charge on EC, measurement of EC helps to estimate
changes in the concentration of nutrients in solution [73]. The EC of the USU nutrient
solution made from deionized water is 0.9 mS cm−1 for a WUE of 3 g L−1 (Table 1); the EC
of the solution for a WUE of 6 g L−1 is 1.8 mS cm−1.

Once the proper concentration and ratio of nutrients is determined, the EC of the refill
does not need to be increased to maintain the original set-point. The EC in solution can be
low because fast-growing plants remove active-uptake nutrients more rapidly than water.

https://www.n-xt.com/en/soil-health/limiting-minerals
www.aqion.de
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4.2. Non-SI Units of EC Measurement

The units used for EC are not standard and are thus confusing. EC is the conductance
across a given distance between two electrodes and has units of conductance over distance.
The historic unit has been millimhos per cm. The unit “mhos” represents conductance
and is “ohms” spelled backwards. Ohm is a measure of resistance, so mhos is the inverse
(opposite) of resistance, i.e., conductance. The derived système international (SI) unit for
conductance is the Siemen (S, 1/ohms), and this is now widely used. Common units for the
numerator are mS and µS. The most common unit for the denominator is cm, but cm is not
an SI unit. The SI unit for distance is the meter. Some instruments read out in deciSiemens
(dS) per meter, but deci- is not an SI prefix (1 dS per m = 1 mS per cm). Few, if any, meters
provide a readout in the proper derived SI unit, which is Siemens per meter. Conversions
among instruments are often necessary. For reference, tap water in many locations has an
EC of about 0.4 mS cm−1 or 400 µS cm−1. This is equivalent to 40 S m−1. An EC conversion
table is provided in Supplementary Information 2.

5. Change in Electrical Conductivity over the Life Cycle

Nutrients with active uptake are rapidly depleted in the solution. This often results
in a decreasing EC as plant growth becomes exponential. These nutrients are in the plant
and the refill solution does not need to be increased to restore the original EC (Table 3).
As discussed previously, maintaining set point nutrient levels often results in nutrient
imbalances and toxicity, especially with P and Mn.

We have found that the EC can be below 0.1 mS cm−1 and still have healthy plants
with optimal nutrient levels (Figure 5 and Table 4). Heins and Yelanich [74] found that
leachate EC can be low, yet nutrient uptake is adequate to produce healthy plants with
desired tissue concentrations.

The tomatoes in the study in Figure 5 had ample leaf nutrient concentrations (Table 4)
despite a dilute nutrient concentration in solution at harvest. Nutrients were added each
day in the refill solution with an EC of 0.9 mS cm−1, but these nutrients were removed
within one day. The plants were healthy and the fruit yield at day 74 was high. Even
passively absorbed nutrients such as calcium were removed from the solution more quickly
than they were restored in the refill solution.

Table 4. Solution and tissue analysis of tomato (Solanum lycopersicum cv. Red Robin) from Figure 5.
Solution was sampled at day 0 and day 74. The measured values on day 0 are close to the values
calculated from the reagent grade solution (Table 1). Young leaf tissue was sampled at day 74 and
compared to the optimal tissue concentration predicted using mass balance.

Element
Solution (ppm) Tissue Concentration (%)

Day 0 Day 74 Optimal Actual

N 85 1.5 3 4.9
P 13 2.6 0.4 0.5
K 147 37 4 3.2
Ca 66 15 1.5 1.9
Mg 20 8 0.5 0.6
S 28 8 0.5 0.9

(ppm)
Fe 0.38 0.92 100 116
Mn 0.17 BDL 1 50 27
Zn 0.20 0.17 50 36
B 0.44 0.97 50 52

Cu 0.26 0.17 10 23
Mo 0.03 0.004 0.001 3.6
Ni 0.01 0.02 0.000001 0.01
Na 0.84 5.9 2 235

EC (mS cm−1) 0.90 0.06
1 BDL = below detectable limit of the analysis instrument (inductively coupled plasma atomic emission spec-
troscopy). 2 Sodium is non-essential but is a beneficial nutrient for many species.
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Figure 5. Typical changes in electrical conductivity (EC) when growing lettuce (top) and tomato
(bottom) using the USU hydroponic refill solution (Table 1; EC of 0.9 to 0.95 mS cm−1). EC decreased
rapidly from active uptake of N, P, and K as growth increased exponentially.

The trace amount of sodium in solution comes from the di-sodium DTPA chelate.
The sodium ions dissociate from the chelate and are bioavailable. Sodium is beneficial
for several crops and these trace amounts would often be quickly removed from solution.
Marschner includes a discussion of the beneficial effects of sodium in plant nutrition
(pages 250–257 in [33]).

Nutrient toxicities can often be a bigger problem than nutrient deficiencies. Even when
the EC decreases, we recommend following the mass balance approach and analyzing the
solution before making changes to nutrient composition and concentration.

6. Ion Concentration and Osmotic Potential of Nutrient Solutions

Elevated nutrient concentrations are sometimes used to create osmotic water stress,
and it is useful to know how to calculate the osmotic potential of solutions to enable
comparison with osmotic and matric potential in field soils.

The osmotic potential (solute potential, Ψs) of solutions can be determined from
the Van’t Hoff equation (Equation (4)), which is discussed in most plant physiology text-
books [75,76]. The Ψs of pure water is zero, and the value becomes increasingly negative as
nutrients are added to solution.

Ψs = −C i R T (4)

where:
Ψs = osmotic (solute) potential (a negative value, MPa)
C = molality of the nutrient (mol nutrient per kg water)
i = ionization status of the compound
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R = universal gas constant (0.00831 kg ×MPa per mol × K)
T = temperature (K)

The total Ψs is the sum of all osmotic potentials for all nutrients. The osmotic potential
of typical nutrient solutions is low at -0.04 MPa (for a WUE of 3 g L−1) to -0.08 MPa (for a
WUE 6 g L−1). This low osmotic potential helps facilitate a high plant water potential. For
comparison, the water potential of field soils after watering is called field capacity and is
considered to be −0.03 MPa.

The Ψs can be directly estimated from the solution EC (Equation (5)).

Ψs = EC × −0.036 (5)

where:
Ψs = osmotic (solute) potential (MPa)
EC = electrical conductivity in mS per cm (or dS per m)

The constant −0.036 is empirically derived from measurements of solutions in field
soils with ion ratios similar to nutrient solutions [77,78]. Calculations from our hydroponic
solutions indicate this multiplier is about −0.04.

7. Measurement of Individual Nutrient Ions in Solution

The concentration of nutrients in a solution can be determined by the following methods:
(1) colorimetric, (2) spectrophotometric, (3) ion selective electrodes, or (4) emission spectroscopy.

Colorimetric tests require a colorimeter (about $1500 in 2022) and are easy to use because
they use preformulated reagents (available from several manufacturers, e.g., LaMotte and
Hach). These test kits provide accurate measurements of all the macronutrient ions, and
for most of the micronutrient ions [79–81], but the kits are expensive, and adding the
colorimetric reagents to each sample is labor intensive.

Spectrophotometric measurements require a more complex spectrophotometer ($500 to
$10,000 in 2022), prepared reagents, and a calibration curve, but a wider range of nutrients
can be measured. We use our spectrophotometer to measure urea [63].

Ion selective electrodes require careful calibration and rigorous maintenance of the
membrane but work well when many measurements of the same ion are needed in multiple
solutions. Ion selective electrodes are available for NO3

−, NH4
+, K+, Ca2+, Cl−, and Cu2+,

but are subject to interferences from similarly sized ions (e.g., NH4
+ and K+ interfere with

each other).
Atomic emission spectroscopy (AES) uses inductively coupled plasma to excite nebulized

atoms and can measure nearly all nutrients based on their emission spectra. Commercial
laboratories use this technology to simultaneously measure all essential nutrients, except
N. Sample cost ranges from $30 to $100 depending on the laboratory. See Supplemental
Information 3 for more information.

8. Leaf Tissue Analysis

The most definitive method for determining optimal nutrition is analysis of leaf tissue
combined with crop yield, but leaves vary based on their position and age of the plant.
Standardized sampling techniques are reviewed in the Handbook of Reference Methods
for Plant Analysis [82]. The uppermost fully expanded leaves are a standard for analysis
because they are actively growing tissue. These leaves provide a good indication of whole-
plant nutrient status. Lower leaves are less representative because they can have low
concentrations of mobile nutrients such as N, P, and K (especially when these nutrients
are in limited supply) and high concentrations for immobile nutrients such as calcium
and boron [75]. Tissue analysis of upper leaves may not reveal deficiencies in lower
leaves. Upper and lower leaves should be analyzed if there are visible nutrient deficiencies
or toxicities.

The sampled tissue should be lightly rinsed with distilled water to remove potential
surface contaminants and dried for 48 h at 80 ◦C. Jones and Case [83] found that tempera-
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tures below 80 ◦C may not remove all the water, and temperatures above 80 ◦C may cause
volatilization of carbon compounds that are part of the dry mass. Completely dried tissue
should be ground into a fine powder prior to analysis. We have found that a stainless-steel
coffee grinder works well for grinding and can be quickly cleaned between samples. Ana-
lytical labs will grind samples for about $8 (2022) per sample. A discussion of analytical
techniques for tissue analysis is included in Supplementary Information 3.

Fruiting crops (e.g., tomatoes, peppers, and cucumbers) often accumulate potassium.
In these cases, it is helpful to separately analyze fruit tissue to confirm that the desired
tissue concentrations are achieved.

9. Unique Characteristics of Chelated Iron, Silicon and Copper

Three nutrients have characteristics that warrant additional discussion.

9.1. Chelates and Iron

A chelate is a compound that strongly binds a metal cation using multiple metal
coordination sites. Chelates bind metals, such as Fe, that may otherwise precipitate and
become unavailable for uptake [84]. Chelate-metal interactions are complex. Chelate
concentration in excess of the target metal in hydroponics can reduce availability of other
metal cations by decreasing their activity, but it can also act as a buffer to mediate high
concentrations of metals and prevent toxicities in the root zone [85].

Chelates have a wide range of affinity for metals. Ethylenediaminetetraacetic
acid (EDTA), diethylenetriaminepentaacetic acid (DTPA), ethylenediamine-N,N′-bis-2-
hydroxyphenylacetic acid (EDDHA), and hydroxyethylethylenediaminetriacetic acid
(HEDTA) are common chelates used in nutrient solutions to improve Fe availability [86].
The stability is dependent on solution pH [87]. EDDHA is widely used and has a high
affinity for Fe up to pH 9, but it has a distinct red color in solution and interferes with
colorimetric solution analysis. DTPA has a lower affinity for Fe and is stable up to about
pH 8. EDTA is stable up to about pH 7. We use DTPA for optical clarity and stability over
a wide pH range.

HEDTA is a less common chelate and has a weaker affinity for Fe. We have found it
valuable for monocots, which obtain Fe by releasing siderophores into the rhizosphere [88].
Since it is difficult for plants to form a rhizosphere in flowing hydroponic solutions, mono-
cots struggle to absorb Fe. The USU monocot solution [34] recommends HEDTA for
monocots such as wheat, rice, and corn. Dicots can get Fe out of all types of chelates,
regardless of binding strength.

Chelates are usually recycled back to solution once Fe is removed, but Bell et al. [89]
found that chelates can potentially be taken up into plant tissues. Chelated nutrients are
added in the refill solution, but we have not found detrimental effects of chelate accumula-
tion. Synthetic chelates are resistant to microbial degradation, but some degradation will
occur over time.

There has been significant research on nanoparticle-bound nutrients over the past
10 years and it has shown that they have potential to increase bioavailability in field
applications [90,91]. We have not studied the use of nanoparticles in hydroponics, but they
have the potential to be of lower cost than synthetic chelates.

9.2. Silicon

Silicon (Si) is not an essential nutrient, but it is beneficial for tolerance of drought
stress [92], and it can accumulate in cell walls, helping to prevent fungal and bacterial
infections [93,94]. Si occurs in sand as silicon dioxide, but this compound is not soluble in
water and is therefore not available to the plant. Potassium silicate is widely used as both a
potassium and Si source for nutrient solutions. Commercial grade potassium silicates are
widely available and are made from varying combinations of potassium hydroxide and
silicon dioxide.
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For greater purity, we make reagent-grade potassium silicate in our laboratory by
combining potassium hydroxide and fumed silica in equimolar ratios to make a stock
solution at 200 mM Si. The highly alkaline solution is about pH 11 and must be heated and
stirred to dissolve the Si. The pH rises when this reagent is added to the bulk solution and
must be titrated back to the desired pH with acid. A cloudy precipitate also forms, but this
redissolves after mixing and acid titration.

Si must be completely dissolved in the concentrated solution if an injector system is
used. High pH in this tank must be maintained using potassium hydroxide to ensure Si
remains in solution. If the Si is not completely in solution, it is abrasive to injectors [95].
High solubility is achieved by first adding potassium hydroxide to the stock solution until
reaching a pH of at least 11 and then adding potassium silicate. Calcium silicate is insoluble.
When an injector system is used, the Si should be injected first, followed by the fertilizer,
which contains calcium.

9.3. Copper

Copper (Cu) is an essential nutrient for plant nutrition and is used in the photosyn-
thetic electron transport chain [96]. Cu is easily added to a solution as either copper (II)
chloride or copper (II) sulfate. Zhang et al. [97] found that Cu levels of 25 µM (1.6 ppm) in
hydroponic culture significantly reduced root rot and oospore production from Pythium
spp.. Raudales et al. (2014) [98] found that concentrations up to 79 µM (5 ppm) in some
species inhibit disease and produce no phytotoxic effects. We thus add Cu at a concen-
tration higher than is necessary by mass balance. We have seen Cu accumulation on root
surfaces without phytotoxic effects in lettuce when Cu was added up to 20 µM (1.3 ppm)
in the nutrient solution (Figure 6).
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10. Root-Zone Microbial Activity and Disease

Roots have beneficial microbial activity in the rhizosphere, even in hydroponics, but
excessive carbon leakage into the bulk solution from unhealthy roots provides an energy
source that can result in excessive microbial growth in the bulk solution. Hosseinzadeh
et al. [99] and Razzak et al. [100] review approaches to remove organics from hydroponic
solutions. These compounds (largely carboxylic acids) can be toxic to plants if they accu-
mulate to elevated concentrations [99,100].

Healthy roots minimally leach nutrients into solution [101]. In our experience, in-
creased turbidity usually indicates unhealthy roots with carbohydrate leakage. We have
found that the solution in well-aerated DWC remains clear throughout the crop cycle
(months) indicating low microbial activity in the bulk solution.

Several water treatment technologies have been used to reduce disease. These include
chlorination, hydrogen peroxide, filtration, and ozonation [102–105]. Some sanitizers can
degrade chelates in solution [106]. Ultraviolet light has been used in recirculating systems
to reduce microbial activity in solution and to help prevent disease [107], but UV photons
break down chelates [108], and the chelates must be re-added. Acidic root zone conditions
have also been shown to reduce disease persistence [109,110].

We have not found any of the above treatments necessary. Root-zone disease has
been minimal in our systems, perhaps because the root surfaces are uniformly well aer-
ated and the steady-state nutrient levels that come from the daily refill solution result in
healthier roots.

11. System Design for Hydroponic Culture

Optimal hydroponic system design facilitates application of mass balance principles.
Systems with adequate solution volume, oxygen delivery, and automated pH control are
essential to optimal growth.

11.1. Volume to Cultivation Area Ratio (V:CA)

A high V:CA ratio helps to buffer fluctuations in the root-zone ion concentrations.
Buffering capacity is proportional to solution volume; demand for nutrients is proportional
to the cultivation area for plants (leaf area index of all crops increases from planting to
harvest, but this is a response variable, not a design parameter). Hydroponic systems vary
in their V:CA ratio [111,112].

Deep water culture systems hold plants above nutrient solution tanks that are 10 to
30 cm deep (a V:CA ratio of 10 to 30 cm3 per cm2). These systems have a high V:CA ratio.

Recirculating flood and drain systems use an inert substrate, irrigate the plants from a
nutrient solution reservoir, and usually have a lower V:CA ratio. These systems require
precise timing to ensure roots are not saturated or dried for extended periods of time.

Drip irrigation systems that use an inert substrate, such as mineral wool (Rockwool) or
perlite, can be designed to recirculate the nutrient solution, and usually have a low V:CA
ratio. Frequent irrigation from multiple points is recommended due to the poor horizontal
hydraulic conductivity of mineral wool and perlite substrates.

The nutrient film technique (NFT) uses sloped channels with a thin layer of nutrient
solution running from top to bottom and typically has a low V:CA ratio. NFT systems
commonly have preferential flow and channeling, which leads to uneven oxygen (O2)
transfer and nutrient delivery to root surfaces.

Aeroponic systems suspend the roots in a saturated humidity environment where they
are misted with nutrient solution. These systems often have an extremely low V:CA ratio
and are susceptible to nozzle clogging and uneven nutrient delivery as the root systems
tend to clump together as they get larger.

Since DWC systems result in excellent uniformity and stability, we have used them
for research applications. We typically refill solution at daily intervals, which restores 5 to
10% of the total solution. We have not found that automated refill is necessary when the
solution depth is 25 cm or greater.
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The principles discussed in this manuscript apply to all types of hydroponics but are
especially suitable for DWC systems.

11.2. Delivery of Oxygen to Root Surfaces

Although O2 is only soluble at micronutrient concentrations, its uptake rate is 100 times
faster than any other nutrient [113]. The concentration of O2 in air is 209,500 ppm (20.95%),
but it is only soluble in water to 9 ppm (250 µM) at 20 ◦C [114]. Continuous replenishment
of O2 is therefore necessary to maintain about 8 ppm dissolved O2 (DO) at the root surface.
Previous studies have not found a benefit from elevating O2 in DWC above 8 ppm by using
100% O2 for aeration [115].

In addition to low solubility, the diffusion of O2 in water is 10,000 times slower than
in air [116]. Therefore, systems need to move O2 to root surfaces by mass flow, which is
facilitated either by a flowing solution or by agitating the solution back and forth with
bubbling air. Mass flow is so important to O2 delivery that the gentle agitation of the
solution associated with bubbling may be more important than the newly supplied O2
introduced by the bubbles.

We have used a bubbling flow rate of 5 L of air per minute in a 50 L container. This
high flow rate has been ample even for long-term crops with dense root growth. Lower
airflow rates may be adequate for smaller, shorter-term crops.

The flow rate of the nutrient solution is important in NFT systems. Many systems
have inadequate flow rates to maintain a high O2 concentration at the outlet. Frequent
measurement of O2 at the outlet is critical in NFT systems. Faster flow rates also reduce
channeling of the solution. Users should consider reducing the flow rate if rapid flow
causes roots to break off into the bulk solution.

The greatest demand for aeration typically occurs when the root system is dense
and there is rapid growth (high demand for O2). We have measured DO during peak
growth with a DO microelectrode and found that the agitation caused by the bubbling
was adequate to maintain O2 above 90% of saturation in all parts of the root-zone. We
recommend measuring DO to confirm high levels in the center of dense root systems. Our
studies, however, indicate that the lowest cost DO electrode may not be adequate for this
measurement [117].

Although root surfaces are always hydrated with a water film, maintenance of a thin
film of solution allows air to be close to root surfaces, which can improve O2 transfer.
Flood and drain, drip, NFT, and aeroponic systems were developed to improve aeration.
However, we have found that solution channels around areas of dense root growth in NFT
systems and have observed difficulty in aeroponic systems providing aerated solution
to the interior of large root systems hanging in the air. Root surfaces on the exterior of a
root clump can absorb O2 more quickly than those on the interior, but the exposure to O2
is not uniform among all root surfaces. DWC systems with adequate volume allow the
suspended roots to separate, which facilitates mass transfer of aerated solution to all root
surfaces. We have thus found that continuously agitated and aerated DWC systems are the
most effective in providing O2 for uniform root respiration [118].

11.3. Automated pH Control

Hydroponic nutrient solutions are poorly buffered, which can result in rapid pH
changes. Automated pH control is therefore highly useful. Most nutrients are cations and
anions that have conjugate bases and acids with strong dissociations, and therefore have a
limited effect on solution pH. The pH is initially dictated by the carbonate equilibrium in
solution, which is due to the CO2 in air dissolved in the water. The chemical equilibrium
of phosphate species helps to buffer pH. The pKa between HPO4

2− and H2PO4
− is 7.2.

This helps buffer the solution if the pH increases, but minimally helps with decreasing pH.
Phosphate levels in solution are typically low so their value as buffers is limited.

Solution pH remains steady when plants are small, but changes rapidly as plant size
increases relative to the size of the hydroponic system. The pH changes during growth
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because of increased nutrient uptake and the ratio of NO3
− to NH4

+. The charge balance
requirements of the plant mean that NO3

− uptake results in proton removal, and an
increase in solution pH; NH4

+ uptake results in proton addition and a decrease in solution
pH. If the percentage of NH4

+ is increased in hydroponics, the pH must be rigorously
controlled by automated addition of a base, such as potassium hydroxide. It is also possible
to stabilize pH by adding a buffer. We have used 2-(N-morpholino)ethanesulfonic acid
(MES) up to 10 mM to stabilize pH, but this is expensive [119].

11.3.1. Optimal Set-Point pH

The optimal pH is considered to be between 5.5 and 6.5, but there is a minimal direct
effect of pH on roots. We have grown plants at a steady-state pH as low as 4 and as high as
7 with minimal effects on growth rate, provided that the nutrients are adjusted to maintain
adequate nutrient uptake. High pH reduces availability of Fe, Mn, Zn, Cu, and P; low
pH tends to reduce K, S, Ca, Mg, and P availability [33]. A low pH also increases metal
solubility, which increases the risk of micronutrient toxicity. The powerful EDDHA chelate
for iron is usually required at a high pH (see section on chelates and iron).

Short-term failures of pH control between 4 and 7 are alarming, but if the failure is
quickly corrected, we have found that the long-term effects on nutrient uptake are minimal.

11.3.2. Composition of the pH Control Solution

Without NH4
+ in solution, the pH of most crops increases over time. We have used

a pH control solution with a 2:1 molar combination of nitric acid and ammonium sulfate
to maintain steady, low levels of NH4

+ in solution. This solution is 50 mM nitric acid and
25 mM ammonium sulfate. Nitric acid immediately decreases the pH while ammonium
sulfate provides NH4

+ for longer-term pH control. This combination provides more steady-
state pH control and reduces the necessary volume of pH control solution. This approach
only requires pH adjustment downward; thus, no alkaline adjustments are required.

Sulfuric acid and phosphoric acid can also be used for pH control but providing
additional N from nitric acid is beneficial due to the rapid uptake of N from solution.
A discussion of best practices for long-term pH monitoring and control is included as
Supplementary Information 4.

12. Water Quality

Tap water can be used if it does not contain high levels of sodium, heavy metals,
boron, and bicarbonate. Some water sources can have fertilizer concentrations of Ca,
Mg, S, and micronutrients. These nutrients are bioavailable and must be included when
formulating the nutrient solution. When tap water cannot be used, the most cost-effective
water purification method is reverse osmosis (RO), which removes about 97% of the ions
in tap water. For critical applications, RO water is often additionally filtered through a
deionization column, which removes 90 to 99% of the remaining ions.

In some locations, the use of tap water can result in accumulation of sodium (Na)
in recirculating solutions, which reduces plant growth. Elevated salinity reduces leaf
growth and development [120], so keeping Na concentrations below 6 mM (138 ppm) is
recommended to avoid salinity problems [121]. Reducing Na and other undesirable ions in
solution typically requires discarding some of the solution.

High concentrations of bicarbonate in some tap waters increase the alkalinity of the
nutrient solution. Bicarbonate can be neutralized to water and carbon dioxide (which
leaves solution) through the addition of acid. Continuous acid injection through an injector
may be necessary if bicarbonate concentrations are continuously present.

Although we have high-quality tap water with low levels of undesirable elements at
Utah State University, we use RO water for hydroponic research studies.
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13. Conclusions

This paper provides guidelines for the composition and concentration of refill solutions
for hydroponics and irrigation solutions for soilless media. We describe the application
of a mass balance approach that combines WUE and tissue analysis to optimize nutrient
delivery. The need for frequent monitoring of nutrients in solution is minimized. Irrigation
can be accomplished without the need for leaching, and solutions can be recirculated
through multiple crop cycles.

Understanding active and passive nutrient uptake facilitates interpretation of changes
in the concentration of the recirculating solution (or leachates) over time. Nutrients with
active uptake are often quickly removed from solution and do not need to be immediately
replaced. The root-zone pH can be controlled with small, automated additions of nitric
acid and ammonium sulfate. We provide examples of specific species with unique nutrient
requirements that may benefit from adjustments to the baseline concentrations.

This knowledge-based approach requires an understanding of the principles of plant
nutrition, coupled with simple measurements of pH and EC. This approach minimizes
nutrient discharge to the environment and increases the sustainability of indoor agriculture.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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