
Using  Glycine  Betaine  as  a
Biostimulant
Glycine betaine is a biostimulant that has been explored for
stress mitigation and quality enhancement in hydroponic and
soilless  culture.  However,  there  is  substantial  confusion
about effective concentrations, application methods, and which
crops actually benefit. In this post I want to address the
most common questions about using glycine betaine, based on
what the peer-reviewed literature actually shows for different
crops and growing systems.

Effect of glycine betaine on rice plants subjected to water
stress, taken from (11)

What is glycine betaine and why use
it?
Glycine betaine is a quaternary ammonium compound that acts as
a compatible solute in plants. Most agronomic crop species do
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not  synthesize  adequate  amounts  naturally,  which  is  why
exogenous applications have been studied (1). When applied to
plants,  glycine  betaine  functions  as  an  osmoprotectant,
maintaining  cellular  water  balance  and  protecting
photosynthetic  machinery  under  stress  (2).  It  stabilizes
proteins  and  membranes,  reduces  oxidative  damage,  and  can
enhance photosynthetic efficiency.

In controlled environment hydroponics, glycine betaine offers
benefits beyond basic stress protection. Studies show it can
modify  nitrogen  metabolism,  reduce  nitrate  accumulation  in
leafy greens, and alter mineral uptake patterns (3). However,
responses  are  highly  dose-dependent  and  crop-specific.
Application parameters need to match your production goals or
you risk reducing yields instead of improving them.

Should you apply glycine betaine to
leaves or roots?
Application method determines both efficacy and risk. Foliar
applications are lower risk but require repeated treatments.
Root  applications  in  recirculating  hydroponics  can  deliver
specific  quality  benefits  but  require  precise  dosing  and
timing.

For foliar work, concentrations between 500 and 2,500 ppm are
common in the literature, with timing adjusted to crop growth
stage and stress exposure. In lettuce under water stress, 700
ppm applied three times during the growing cycle (at 20, 35,
and 45 days after transplant) improved yield and water use
efficiency compared to controls (4). For peppers experiencing
combined  low  temperature  and  low  light  stress,  2,340  ppm
improved  photosynthetic  parameters  and  reduced  oxidative
damage (5). Lower concentrations in that same pepper trial
were less effective, showing a clear dose threshold.

Root  application  through  nutrient  solutions  requires  more
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precision but offers different advantages. In commercial NFT
lettuce production, adding glycine betaine at 1,170 ppm to the
nutrient solution reduced leaf nitrate content by more than
29%  while  increasing  dry  matter  and  improving  amino  acid
profiles (3). The treatment was applied during the final 6
days before harvest, with a second application needed 4 days
after  the  first  to  maintain  effective  concentrations.  The
glycine betaine disappeared from solution within 3-5 days as
plants took it up or microorganisms metabolized it.

An  important  limitation  of  root  applications  is  growth
reduction. While nitrate control and quality improvements were
achieved, fresh weight was lower at certain sampling points.
If  your  production  system  is  optimized  for  maximum  fresh
weight yield, root applications need careful consideration.

What works for specific crops?

Lettuce
Lettuce shows reliable responses to both application methods.
For foliar applications targeting stress mitigation, 700 ppm
at 20, 35, and 45 days after transplanting improved yields
under  both  normal  and  deficit  irrigation  (4).  Water  use
efficiency increased and quality was maintained even under
stress.

For root applications focused on nitrate reduction in NFT
systems, you need higher concentrations than you might expect.
Single applications at 470 or 880 ppm showed weak responses.
The effective protocol uses 1,170 ppm applied twice at 4-day
intervals, which reduced nitrate substantially and increased
total  amino  acid  content  (3).  Fresh  weight  was  slightly
reduced at certain harvest times but dry matter percentage
increased,  which  can  extend  shelf  life.  If  your  market
discounts product for high nitrate content, this treatment has
commercial validation.
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Tomato
Tomato  responses  depend  heavily  on  the  stress  type  and
application method. Foliar application of 1,170 ppm applied at
2 and 6 weeks from transplanting increased marketable fruit
yield  by  about  13%  under  deficit  irrigation  in  field
trials (6). The treatment improved chlorophyll content and
leaf water status under water stress.

However, the picture is not entirely positive. Some studies
found foliar glycine betaine reduced tomato growth under salt
stress instead of improving it (7). This suggests variety-
specific responses or fundamental differences in how glycine
betaine interacts with different stress types. The evidence is
stronger for water stress applications than for salt stress in
tomato.

Pepper
Pepper seedlings under combined low temperature and low light
stress responded to foliar glycine betaine at 2,340 ppm. This
concentration  improved  photosynthetic  parameters,  reduced
membrane damage, and enhanced antioxidant defenses (5). Lower
concentrations in the same study were less effective, showing
a threshold effect.

For cotton (relevant as a reference for other crops) under
salt stress, 585 ppm proved optimal for maintaining stomatal
function and photosynthesis, with 880 ppm showing diminishing
returns (8). This demonstrates that more is not always better.
Finding the optimal concentration requires testing for your
specific crop and conditions.

Strawberry
In soilless strawberry production, 1,170 ppm increased fruit
weight and yield per unit area (9). Crown diameter, crown
number,  and  antioxidant  activity  also  improved.  Higher
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concentrations at 2,340 ppm showed benefits for vegetative
parameters but did not improve yield as effectively as the
1,170 ppm treatment.

Under  salinity  stress  in  substrate  culture,  foliar
applications  at  2,340  ppm  maintained  potassium  to  sodium
ratios and improved chlorophyll content, providing protection
against salt-induced damage (10). The treatment reduced the
need for proline accumulation as a stress response.

Cucumber
Cucumber showed positive responses under salt stress. Foliar
applications improved photosynthetic efficiency by enhancing
primary  photochemical  reactions  and  reducing  energy
dissipation  as  heat.  Calcium  and  potassium  concentrations
increased  while  sodium  accumulation  decreased  under  saline
conditions  (11).  Concentrations  used  in  greenhouse  trials
ranged from 5,850 to 11,700 ppm for salt stress mitigation,
which is substantially higher than rates used for other crops.
This wide range suggests the optimal dose for cucumber under
salt stress has not been precisely defined.

Practical  dose  ranges  for
hydroponic growers
Table  1.  Glycine  betaine  application  parameters  for  major
hydroponic crops

Crop
Application

method
Concentration

(ppm)
Timing and
frequency

Primary effect Reference

Lettuce Foliar 700

Three
applications
at 20, 35,
45 days
after

transplant

Improved yield
and water use
efficiency

(4)
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Lettuce Root (NFT) 1,170

Double
application,

4 days
apart, final

6 days
before
harvest

Reduced
nitrate by

29%, increased
amino acids

(3)

Tomato Foliar 1,170

Two
applications
at 2 and 6
weeks from
transplant

Increased
yield by 13%
under water

stress

(6)

Pepper Foliar 2,340

Applied
during
stress
period

Improved
photosynthesis

under low
temp/light

stress

(5)

Strawberry
Substrate
drench

1,170

Applied
during
growing
season

Increased
fruit weight
and yield

(9)

Cotton Foliar 585
Applied

during salt
stress

Maintained
photosynthetic
activity and

stomatal
function

(8)

Table  2.  Response  characteristics  by  application  route  in
hydroponic systems

Application
route

Typical
concentration
range (ppm)

Primary
targets

Key benefits Limitations

Foliar spray 500-2,500

Stress
mitigation,

quality
traits,
yield

enhancement

Lower risk,
flexible

timing, well-
documented

across crops

Requires
repeated

applications,
sensitive to

spray
conditions
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Root
application
(nutrient
solution)

1,000-1,500

Nitrate
reduction,
dry matter
increase,
amino acid
enhancement

Direct uptake,
sustained
effect in

recirculating
systems

Can reduce
fresh weight,
requires dose
precision,
disappears

from solution
within days

Substrate
incorporation

Variable by
crop

Long-term
stress

protection,
growth

enhancement

One-time
application,

gradual release

Less research
in pure

hydroponic
systems,
harder to
adjust

When  should  you  apply  glycine
betaine?
Timing determines success as much as concentration. For foliar
applications targeting stress, apply before or during stress
exposure. In lettuce, applications at active growth stages
(20, 35, and 45 days after transplant) aligned with periods of
potential stress and delivered consistent benefits (4). This
timing catches plants when they are actively building biomass
and most responsive to treatments.

For root applications in NFT focused on quality rather than
stress,  the  final  week  before  harvest  works.  The  6-day
exposure  period  used  in  commercial  lettuce  trials  reduced
nitrate without devastating yields (3). This short window lets
plants  accumulate  glycine  betaine  and  shift  nitrogen
metabolism  while  limiting  growth  penalties.

In fruiting crops like tomato and strawberry, applications
timed to early vegetative development or flowering gave the
most consistent yield benefits (6), (9). These are critical
growth stages where stress protection translates directly to
final production.
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What doesn’t work
Not all glycine betaine applications deliver value. In tomato,
foliar applications under salt stress sometimes reduced growth
instead of improving it (7). The compound accumulated more in
salt-sensitive  varieties  but  this  did  not  correlate  with
improved tolerance. Variety selection and stress type matter
more than growers often assume.

Low-dose root applications often fail. Concentrations below
940 ppm in lettuce NFT showed weak or inconsistent nitrate
reduction. Single applications of 470 ppm failed to reduce
nitrate significantly (3). There is a threshold effect where
you  either  need  multiple  applications  or  higher  initial
concentrations to see the outcomes you want.

The compound disappears rapidly from recirculating systems.
Within 3 to 5 days plants take it up or system microorganisms
metabolize it. Single applications fail to maintain effective
concentrations unless timed very close to harvest (3). This
short persistence means you cannot apply glycine betaine at
transplant and expect effects at harvest.

How to use glycine betaine properly
Start with foliar applications at documented concentrations.
For lettuce under normal or moderate stress, 700 ppm in 2-3
applications  provides  a  tested  baseline  (4).  For  tomato
targeting water stress, 1,170 ppm at 2 and 6 weeks post-
transplant  has  field  validation  (6).  These  are  starting
points, not guarantees.

If using root applications in NFT or recirculating systems,
use this method for specific quality targets like nitrate
reduction. A concentration of 1,170 ppm applied twice at 4-day
intervals  during  the  final  week  before  harvest  has  been
validated  at  commercial  scale  (3).  Monitor  fresh  weight
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carefully  because  growth  reduction  can  occur  at  effective
doses.

Test on a small section first. Measure the actual outcome that
matters to you, whether that is stress tolerance, nitrate
content, or amino acid profiles. Do not assume benefits based
on marketing materials or general claims. Glycine betaine can
work in hydroponics but the response depends on matching dose,
application  method,  and  timing  to  your  specific  crop  and
production goals. If you cannot measure the outcome you care
about, you cannot determine if the treatment is worth the
cost.

Methods  to  Enhance  Terpene
Production

Introduction
Terpenes are a large and diverse group of natural compounds
that constitute the most abundant class of plant secondary
metabolites. These volatile organic compounds play critical
roles  in  plant  defense  against  herbivores  and  pathogens,
mediate  plant-plant  communication,  and  attract  pollinators
(1).  Beyond  their  ecological  functions,  terpenoids  have
immense commercial value in pharmaceutical, food, cosmetic,
and agricultural industries (2). The increasing demand for
these compounds in essential oil crops such as mint, citrus,
lavender, and other aromatic plants has driven research into
methods for enhancing their production. This article reviews
scientifically  validated  approaches  to  boost  terpene
biosynthesis  in  commercially  relevant  crops.

https://scienceinhydroponics.com/2025/11/methods-to-enhance-terpene-production-in-commercially-important-plants.html
https://scienceinhydroponics.com/2025/11/methods-to-enhance-terpene-production-in-commercially-important-plants.html
https://pmc.ncbi.nlm.nih.gov/articles/PMC10380271/
https://www.tandfonline.com/doi/full/10.1080/13102818.2021.2020162


Mint and orange are two commercially relevant crops where
terpene content is strongly related to quality.

Understanding Terpene Biosynthesis
Before  discussing  enhancement  methods,  it  is  important  to
understand  the  fundamental  pathways  of  terpene  production.
Plants  synthesize  terpenoids  through  two  independent  but
interconnected  pathways:  the  cytosolic  mevalonate  (MVA)
pathway and the plastidial methylerythritol phosphate (MEP)
pathway (3). The MVA pathway primarily produces sesquiterpenes
and triterpenes, while the MEP pathway generates monoterpenes
and diterpenes. Both pathways produce the universal precursors
isopentenyl  pyrophosphate  (IPP)  and  dimethylallyl
pyrophosphate (DMAPP), which serve as building blocks for all
terpene structures.

Terpene synthases (TPSs) are the key enzymes responsible for
converting these precursors into the diverse array of terpene
structures found in nature (3). In aromatic plants like mint
and  citrus,  these  compounds  are  produced  and  stored  in
specialized  structures  called  glandular  trichomes  and  oil
glands, respectively. The expression of TPS genes and the
activity  of  these  enzymes  are  tightly  regulated  by
environmental factors and developmental signals, making them
prime targets for enhancement strategies.
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Controlled  Drought  Stress
Management
Controlled  water  deficit  represents  a  powerful  tool  for
enhancing terpene production in many aromatic crops. Plants
respond  to  drought  by  upregulating  the  biosynthesis  of
protective  secondary  metabolites,  including  terpenoids  (4).
This response helps plants cope with oxidative stress and
signals other plant tissues to activate defensive mechanisms.

Research on medicinal plants has shown that moderate drought
stress significantly increases terpenoid content. A study on
Bupleurum chinense demonstrated that drought stress stimulated
the terpenoid backbone and triterpenoid biosynthesis pathways,
leading to increased saikosaponin accumulation (5). Similarly,
work on cumin plants revealed that drought-stressed plants
showed  significant  increases  in  terpene  levels  alongside
upregulation of key biosynthetic genes including 3-hydroxy-3-
methylglutaryl-CoA  reductase  (HMGR)  and  geranyl  diphosphate
synthase (GPPS) (6).

In basil and other members of the Lamiaceae family, moderate
drought  conditions  enhanced  sesquiterpene  production  while
also improving the overall quality of essential oils (7). The
optimal level of drought stress varies by species and growing
conditions. Excessive water deficit can inhibit photosynthesis
and  reduce  overall  biomass,  ultimately  decreasing  total
terpene yield despite higher concentrations per unit mass.
Growers should aim for moderate stress that maintains plant
health while triggering enhanced secondary metabolism.

Temperature Optimization
Temperature  plays  a  dual  role  in  terpene  biosynthesis,
affecting both enzyme activity and gene expression. Research
on  birch  and  aspen  demonstrated  that  elevated  night-time
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temperatures  significantly  increased  daytime  terpenoid
emissions. Plants grown with night temperatures of 18 to 22
degrees  Celsius  showed  substantially  higher  emissions  of
sesquiterpenes and certain monoterpenes compared to those at
lower temperatures (8).

Temperature  affects  terpene  production  through  multiple
mechanisms.  Higher  temperatures  increase  the  volatility  of
terpenes,  potentially  leading  to  greater  emissions  from
storage structures. More importantly, temperature influences
the expression of genes encoding enzymes in both the MEP and
MVA pathways (2). However, excessively high temperatures can
denature  enzymes  and  degrade  already-produced  terpenes,  so
careful monitoring is essential.

For  citrus  crops,  temperature  during  fruit  development
significantly affects the terpene profile of essential oils
extracted from peels (9). For most aromatic crops, maintaining
daytime temperatures between 25 and 30 degrees Celsius with
slightly lower night temperatures of 18 to 22 degrees Celsius
appears  optimal  for  terpene  production.  This  temperature
differential  mimics  natural  conditions  and  supports  robust
secondary metabolism without inducing heat stress.

Crop Type
Optimal Day
Temperature

Optimal Night
Temperature

Effect on Terpenes

Mint
species

25-30°C 18-22°C
Enhanced

monoterpene
production

Citrus
species

24-28°C 16-20°C
Improved essential

oil quality

Basil and
herbs

26-30°C 18-22°C
Increased

sesquiterpene
content

Lavender 22-28°C 15-18°C
Enhanced linalool

production
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Nutrient Management Strategies
Soil  nutrient  availability  profoundly  impacts  terpene
biosynthesis  through  its  effects  on  carbon  and  nitrogen
allocation.  The  carbon-nutrient  balance  hypothesis  suggests
that when nitrogen is limiting, plants allocate more carbon to
secondary metabolites like terpenes rather than to nitrogen-
rich primary compounds such as proteins (10).

Phosphorus and potassium play particularly important roles in
terpene production. Phosphorus is essential for the production
of  the  phosphorylated  precursors  DMAPP  and  IPP,  while
potassium  affects  enzyme  activation  and  osmotic  regulation
under stress conditions. Moderate nitrogen limitation during
the  reproductive  phase  can  enhance  terpene  production  by
shifting metabolism toward secondary compound synthesis (10).

In mint cultivation, nutrient management significantly affects
essential oil yield and composition. Studies have shown that
excessive  nitrogen  application  can  reduce  menthol  content
while  promoting  vegetative  growth  at  the  expense  of  oil
production  (11).  Sulfur  supplementation  deserves  special
attention  as  this  element  is  incorporated  into  certain
terpenes and affects the overall terpenoid profile. Research
has shown that sulfur-containing amendments can enhance the
production of sulfur-bearing terpenes while supporting general
secondary metabolism.

Elicitor Application
Plant hormones and signaling molecules can act as powerful
elicitors of terpene biosynthesis. Methyl jasmonate (MeJA) is
the most extensively studied elicitor, with numerous studies
demonstrating its ability to dramatically increase terpenoid
production (2).

MeJA  treatment  induces  the  expression  of  TPS  genes  and
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upregulates  the  entire  terpenoid  biosynthetic  pathway.  In
Norway spruce, MeJA application increased terpene emissions by
more  than  100-fold  for  linalool  and  over  30-fold  for
sesquiterpenes (12). The hormone mimics the plant’s natural
defense response to herbivore damage, triggering a cascade of
gene  expression  changes  that  result  in  enhanced  secondary
metabolism.

Salicylic acid represents another important elicitor that can
promote  terpenoid  biosynthesis.  Research  has  shown  that
salicylic  acid  upregulates  key  enzymes  in  the  terpenoid
pathway, including farnesyl pyrophosphate synthase (FPPS) in
various species (12). In mint species, jasmonate application
has been shown to enhance both the quantity and quality of
essential  oils,  particularly  increasing  the  production  of
oxygenated monoterpenes like menthol and menthone. The optimal
concentration and timing of elicitor application depend on the
target species and desired terpene profile.

Transcription Factor Regulation
Understanding  the  transcriptional  regulation  of  terpene
biosynthesis  opens  possibilities  for  targeted  enhancement.
Several families of transcription factors (TFs) play crucial
roles  in  controlling  terpenoid  production,  including  WRKY,
MYB, AP2 or ERF, bHLH, and NAC families (13).

These transcription factors respond to environmental signals
and developmental cues by binding to specific promoter regions
of genes involved in terpene biosynthesis. For example, WRKY
transcription  factors  regulate  sesquiterpene  artemisinin
synthesis in Artemisia annua and diterpene biosynthesis in
rice (13). In citrus, the transcription factor MYC5 has been
identified  as  crucial  for  oil  gland  development  and  the
biosynthesis  of  essential  oils  (14).  While  direct  genetic
manipulation  of  transcription  factors  requires  advanced
techniques,  understanding  their  role  helps  in  timing
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environmental interventions to coincide with periods of high
TF activity.

Metabolic  Engineering  in  Mint
Production
Mint species, particularly peppermint and spearmint, represent
important commercial sources of monoterpene essential oils.
The  monoterpenoid  biosynthesis  pathway  in  mint  is  well
characterized,  making  these  crops  attractive  targets  for
metabolic  engineering  approaches  to  enhance  oil  production
(15).

Research has demonstrated that overexpressing genes encoding
enzymes in the MEP pathway, particularly 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (DXR), can increase essential oil
yields  in  peppermint.  The  most  encouraging  results  were
obtained when multiple genes were manipulated simultaneously.
Plants where DXR was overexpressed and menthofuran synthase
was down-regulated showed oil yield increases of up to 61%
over wild-type controls while reducing undesirable by-products
(16).

Another successful strategy involved overexpression of lipid
transfer proteins, which increased trichome size and enhanced
monoterpenoid  production.  Plants  expressing  tobacco  lipid
transfer protein showed increases in limonene levels of 1.6-
fold and dramatic increases in other monoterpenes (15). While
metabolic engineering requires sophisticated molecular biology
techniques,  these  advances  demonstrate  the  substantial
potential for enhancing terpene production through targeted
genetic modifications.

Agronomic  Practices  for  Enhanced
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Production
Beyond  molecular  and  environmental  approaches,  specific
agronomic practices can significantly impact terpene yields in
essential oil crops. For mint cultivation, planting method,
timing,  and  plant  density  all  influence  essential  oil
production  (11).

Ridge planting systems have been shown to provide superior
results compared to flat-bed cultivation. Studies on menthol
mint demonstrated that plants grown on ridges with optimal
spacing  of  166,666  plants  per  hectare  yielded  maximum
essential oil content while reducing water requirements and
accelerating crop maturity by approximately 30 days (11). The
timing of planting also significantly affects oil yield, with
early season planting generally producing higher essential oil
content and better quality profiles.

For citrus crops, proper handling during harvest and post-
harvest processing critically affects terpene retention. Cold-
pressing methods preserve more volatile terpenes compared to
heat-based  extraction,  and  storage  conditions  must  be
carefully controlled to prevent oxidation and degradation of
essential oils (17).

Harvest Timing Considerations
The timing of harvest critically affects the final terpene
content of plant material. Terpene concentrations fluctuate
throughout plant development and can vary substantially even
over the course of a single day due to circadian regulation
(12).

For  many  aromatic  plants,  terpene  content  peaks  during
specific developmental stages. In mint, essential oil content
typically reaches maximum levels just before full flowering.
For  citrus,  the  maturity  stage  of  fruit  significantly
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influences both the quantity and composition of peel oils,
with different terpene profiles characterizing immature versus
fully mature fruit (9).

Harvesting during the morning hours, after dew has evaporated
but before peak temperatures, often captures plants at their
maximum  terpene  content  before  heat-induced  volatilization
occurs.  Post-harvest  handling  also  significantly  impacts
terpene  retention.  Rapid  drying  at  moderate  temperatures
(below 30 degrees Celsius) and protection from light help
preserve  volatile  terpenes.  Proper  curing  in  controlled
environments allows for the gradual breakdown of chlorophyll
while maintaining terpene content.

Crop
Optimal

Harvest Stage
Time of Day

Post-Harvest
Consideration

Peppermint
Just before
full bloom

Mid-morning
Rapid drying at

25-30°C

Spearmint
Early

flowering
Morning hours

Shade drying
preferred

Citrus peels
Fully mature

fruit
Any time

Cold-press
immediately

Basil
Before

flowering
Early morning

Quick drying
essential

Integrated Enhancement Strategies
The most effective approach to enhancing terpene production
often  involves  combining  multiple  strategies  rather  than
relying on a single method. Environmental factors interact in
complex ways, and their effects on terpene biosynthesis can be
synergistic (10).

A practical integrated approach for mint cultivation might
include  selecting  cultivars  with  naturally  high  terpene
production as the foundation, implementing controlled drought
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stress  in  the  final  weeks  before  harvest,  optimizing  the
nutrient regime to favor secondary metabolism with moderate
nitrogen restriction during flowering, applying elicitors such
as methyl jasmonate at strategic developmental stages, using
appropriate planting methods and densities, and timing harvest
to coincide with peak terpene accumulation.

For citrus production, an integrated strategy would focus on
temperature management during fruit development, appropriate
irrigation scheduling to avoid excessive vegetative growth,
balanced fertilization that does not over-supply nitrogen, and
optimization of harvest maturity and processing methods to
preserve volatile compounds.

Challenges and Future Directions
While significant progress has been made in understanding and
manipulating terpene biosynthesis, several challenges remain.
The genetic regulation of terpenoid production is extremely
complex, involving hundreds of genes that respond to multiple
environmental signals (3). Predicting how plants will respond
to combined stresses or elicitor treatments remains difficult.

Future research should focus on developing more precise tools
for monitoring terpene production in real-time, allowing for
adaptive management strategies. Advanced metabolic engineering
approaches, including CRISPR-based gene editing of regulatory
elements, may eventually allow for the creation of plants with
constitutively elevated terpene production without the need
for  environmental  manipulation  (18).  Understanding  the
molecular  mechanisms  controlling  oil  gland  and  trichome
development will also be crucial for maximizing the sites of
terpene biosynthesis and storage (14).

Conclusion
Enhancing terpene production in commercially important plants
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requires a multifaceted approach based on sound scientific
principles. Controlled drought stress, when carefully managed,
can  significantly  increase  terpenoid  concentrations  through
activation  of  stress  response  pathways.  Temperature
optimization, particularly elevated night-time temperatures,
enhances terpene biosynthesis and emission. Strategic nutrient
management,  including  moderate  nitrogen  limitation  coupled
with  adequate  phosphorus  and  potassium,  shifts  plant
metabolism  toward  secondary  compound  production.

The application of elicitors such as methyl jasmonate provides
a powerful tool for rapidly inducing terpene biosynthesis.
Understanding the role of transcription factors in regulating
these  pathways  helps  in  timing  interventions  for  maximum
effectiveness.  In  crops  like  mint  where  the  biosynthetic
pathways are well characterized, metabolic engineering offers
promising  opportunities  for  substantial  yield  improvements.
Appropriate agronomic practices, including planting methods,
spacing,  and  timing,  significantly  influence  essential  oil
production.  Finally,  optimizing  harvest  timing  and  post-
harvest  handling  ensures  that  enhanced  terpene  production
translates into improved final product quality.

As  our  understanding  of  terpene  biosynthesis  continues  to
grow,  new  enhancement  strategies  will  undoubtedly  emerge.
Growers who stay informed about the latest research and are
willing to experiment with different approaches will be best
positioned to maximize the terpene content of their crops.
However, success requires careful attention to plant health,
as excessive stress can be counterproductive. The goal is to
find the optimal balance that stimulates terpene production
while  maintaining  overall  plant  vigor  and  yield.  The
commercial  value  of  essential  oils  continues  to  drive
innovation in this field, promising continued advances in our
ability to enhance these valuable compounds in aromatic and
medicinal plants.



Exogenous  Terpenes  in
Agriculture:  Can  External
Application  Improve  Crop
Performance?
Terpenes are among the most diverse and abundant secondary
metabolites produced by plants. While these compounds are well
known for their roles in plant defense and stress responses,
recent  research  has  explored  whether  applying  terpenes
externally  to  plants  can  provide  practical  benefits  in
commercial  agriculture.  This  post  examines  the  current
scientific  understanding  of  exogenous  terpene  applications
through both foliar sprays and root zone treatments.

Models for a collection of commonly found monoterpenes
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What Are Terpenes and Why Do Plants
Produce Them?
Terpenes  represent  the  largest  class  of  plant  secondary
metabolites, with approximately 55,000 known members across
the  plant  kingdom  (1).  Plants  synthesize  these  compounds
through the methylerythritol phosphate pathway in plastids and
the mevalonate pathway in the cytosol. The resulting molecules
range from simple monoterpenes containing 10 carbon atoms to
complex diterpenes with 20 carbons and beyond.

The primary ecological function of terpenes involves plant
protection.  These  volatile  organic  compounds  help  plants
defend against pathogens and herbivores, attract beneficial
insects  and  pollinators,  and  provide  protection  against
environmental stresses such as heat and drought (2). Given
these  natural  protective  functions,  researchers  have
investigated whether externally applied terpenes might confer
similar benefits to crops.

Foliar Application of Monoterpenes
The most comprehensive study on foliar terpene application
comes  from  research  on  tomato  plants  under  water  deficit
stress. When a mixture of nine monoterpenes was applied as a
foliar spray at concentrations ranging from 1.25 to 5 mM, the
treated plants showed significant improvements in oxidative
stress management (3).

The  foliar-applied  monoterpenes  were  readily  absorbed  by
tomato leaves, increasing total foliar monoterpene content by
up  to  2.5-fold  compared  to  untreated  controls.  Most
importantly,  the  treatment  substantially  decreased  hydrogen
peroxide accumulation and lipid peroxidation in plants exposed
to drought stress. At the optimal concentration of 1.25 mM,
plants showed a 50% reduction in oxidative damage compared to
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controls, though this protective effect did not extend to
preventing photosynthetic decline (3).

The mechanism appears to involve direct quenching of reactive
oxygen  species  by  the  terpenes  themselves.  Interestingly,
higher concentrations of 2.5 and 5 mM increased activity of
antioxidant enzymes like superoxide dismutase and ascorbate
peroxidase, but also induced some oxidative stress, suggesting
a threshold effect where lower concentrations may be more
beneficial than higher ones.

Monoterpene
Concentration

H₂O₂
Reduction

(%)

Lipid
Peroxidation
Reduction (%)

Enzyme
Activity
Change

1.25 mM ~50% ~45% No change

2.5 mM ~35% ~30% Increased

5.0 mM ~25% ~20% Increased

Root  Zone  Applications  and
Belowground Signaling
While  foliar  applications  have  shown  promise  for  stress
mitigation,  root  zone  applications  of  terpenes  have  been
explored  primarily  for  pest  management  through  biological
control.  The  sesquiterpene  E-β-caryophyllene  serves  as  a
particularly well-studied example of how terpenes function in
the rhizosphere.

When maize roots are damaged by western corn rootworm larvae,
they  naturally  emit  E-β-caryophyllene,  which  attracts
entomopathogenic nematodes that parasitize and kill the pest
insects  (4).  Field  experiments  demonstrated  that  when
synthetic E-β-caryophyllene was applied to soil near maize
varieties that do not naturally produce this signal, adult
beetle emergence decreased by more than 50%, demonstrating the
practical potential of this approach.

https://academic.oup.com/jxb/article/74/17/5327/7190269
https://www.nature.com/articles/nature03451


The  effectiveness  of  soil-applied  E-β-caryophyllene  depends
heavily  on  soil  properties.  Research  has  shown  that  this
sesquiterpene diffuses primarily through the gaseous phase of
soil rather than the aqueous phase. In clay soils at 10% water
content, diffusion was significantly limited, but increasing
moisture to 20% substantially improved signal propagation in
clay loam and sandy loam soils (5).

In  controlled  field  trials,  maize  plants  engineered  to
constitutively  emit  E-β-caryophyllene  and  treated  with
entomopathogenic nematodes suffered 60% less root damage and
had significantly fewer adult beetles emerge compared to non-
emitting  lines  (6).  This  demonstrates  that  strategic
application of specific terpenes to the root zone can enhance
biological control efficacy.

Disease  Resistance  Through
Diterpene Application
Diterpenes  have  shown  particularly  strong  antimicrobial
properties when applied to plants. Two labdane-type diterpenes
isolated from tobacco, sclareol and cis-abienol, were tested
as exogenous treatments on tobacco, tomato, and Arabidopsis
plants. These compounds effectively inhibited bacterial wilt
diseases,  with  microarray  analysis  revealing  that  they
activated genes encoding components of plant immune responses,
including MAP kinase cascades and defense-related biosynthetic
pathways (1).

In  maize,  the  diterpene  epoxydolabranol  demonstrated
simultaneous effectiveness against two major fungal pathogens,
Fusarium  graminearum  and  Fusarium  verticillioides.  The
diterpene  momilactone  B  showed  allelopathic  properties,
completely inhibiting germination of several weed species at
concentrations of 4 to 20 ppm when applied to soil (1).
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Terpene Type
Application

Method
Target
Organism

Effective
Concentration

Monoterpenes (mixed) Foliar spray
Drought
stress

1.25 mM

E-β-caryophyllene Soil drench Root pests 200-20,000 ng

Sclareol/cis-abienol
Root

application
Bacterial

wilt
Not specified

Momilactone B
Soil

application
Weeds 4-20 ppm

Practical  Considerations  for
Application
Several  factors  influence  the  effectiveness  of  exogenous
terpene  applications.  For  foliar  treatments,  the
physiochemical properties of individual terpenes significantly
affect uptake and translocation. Compounds like α-terpinene
and  terpinolene  show  greater  solubility  and  cellular
accumulation compared to more volatile molecules like α-pinene
and limonene (3).

Timing and application frequency also matter. Foliar sprays
applied  twice  daily  showed  better  results  than  single
applications,  suggesting  that  maintaining  adequate
concentrations on leaf surfaces requires repeated treatments.
For soil applications, the water content and texture of the
growing medium critically influence how well terpene signals
diffuse through the root zone.

Cost  remains  a  significant  consideration.  Production  of
terpenes  for  agricultural  use  requires  either  chemical
synthesis  or  bio-production  in  heterologous  hosts.  For
structurally  complex  terpenes,  chemical  synthesis  may  be
economically  prohibitive,  making  microbial  production
platforms like engineered Escherichia coli or Saccharomyces

https://academic.oup.com/jxb/article/74/17/5327/7190269


cerevisiae more practical options (7).

Limitations and Future Directions
Current  research  reveals  important  limitations.  While
exogenous monoterpenes effectively reduced oxidative stress in
tomato plants, they did not prevent the photosynthetic decline
associated with stomatal closure during drought. This suggests
that terpene applications may be most useful as supplementary
treatments  rather  than  standalone  solutions  for  stress
management (3).

The dose-response relationship appears complex, with higher
concentrations sometimes producing counterproductive effects.
In the tomato study, 5 mM monoterpene applications induced
oxidative  stress  while  attempting  to  protect  against  it,
highlighting  the  importance  of  careful  concentration
optimization  for  each  crop  and  application  method.

Much  of  the  existing  research  has  been  conducted  under
controlled  laboratory  or  greenhouse  conditions.  Large-scale
field trials examining the agronomic and economic viability of
exogenous terpene applications remain limited. Questions about
the persistence of applied terpenes under field conditions,
their  environmental  fate,  and  potential  non-target  effects
require further investigation.

Conclusions
Exogenous terpene applications represent an emerging area of
agricultural research with demonstrated benefits in specific
scenarios. Foliar monoterpene sprays can mitigate oxidative
stress  from  drought  at  appropriate  concentrations.  Soil-
applied  sesquiterpenes  like  E-β-caryophyllene  enhance
biological pest control by attracting beneficial nematodes.
Diterpenes show promise as antimicrobial agents when applied
to roots.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6690754/
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However,  practical  adoption  requires  further  development.
Growers interested in this technology should recognize that
terpene applications are most likely to succeed as part of
integrated  management  strategies  rather  than  as  standalone
interventions. The variable responses across different terpene
types, concentrations, and application methods mean that each
crop system will require careful optimization.

As production costs decrease and application protocols become
more refined, exogenous terpenes may find their place in the
grower’s toolkit, particularly for organic production systems
seeking alternatives to synthetic pesticides. Until then, this
remains  a  promising  but  still  developing  technology  that
warrants continued research attention.

An Expanded View on Root Zone
Temperature  in  Soilless  and
Hydroponic Systems
When  we  think  about  optimizing  hydroponic  systems,  most
growers  focus  on  nutrient  concentrations,  pH  levels,  and
lighting conditions. However, one of the most critical yet
often overlooked factors that can dramatically impact plant
performance  is  root  zone  temperature.  Understanding  the
intricate relationship between temperature and root physiology
can  be  the  difference  between  a  mediocre  harvest  and
exceptional  yields.

Root zone temperature (RZT) represents the thermal environment
surrounding plant roots and serves as a fundamental driver of
physiological  processes  in  soilless  cultivation  systems.
Unlike  soil  based  agriculture  where  thermal  mass  provides
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natural temperature buffering, hydroponic and soilless systems
expose roots to more dramatic temperature fluctuations, making
active temperature management both more challenging and more
important (1).

Relative root zone mass as a function of mass at the optimal
temperature, taken from (9). Note that this is for a soil
system, for soilless media system the response curves are
similar while for DWC the curves are more shifted to the left
because of oxygen solubility issues.

Optimal Root Zone Temperatures for
Different Systems
The optimal root zone temperature varies significantly between
deep water culture (DWC) and other soilless systems, primarily
due to differences in oxygen availability and heat dissipation
characteristics. Research has consistently demonstrated that
temperature  requirements  differ  based  on  the  cultivation
method employed.

Deep Water Culture Systems
In  DWC  systems,  where  roots  are  directly  immersed  in
oxygenated nutrient solutions, optimal temperatures typically
range from 18 to 22°C (64 to 72°F). This relatively narrow
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range reflects the critical balance between metabolic activity
and  dissolved  oxygen  availability  (2).  The  inverse
relationship between water temperature and oxygen solubility
becomes particularly important in DWC, as warmer temperatures
can quickly lead to hypoxic conditions that stress plant roots
and promote pathogenic organisms.

Experienced DWC practitioners often target the lower end of
this range, around 20°C (68°F), to maximize dissolved oxygen
content  while  maintaining  adequate  metabolic  rates  (3).
Temperatures  above  25°C  (77°F)  in  DWC  systems  frequently
result  in  root  browning,  reduced  nutrient  uptake,  and
increased  susceptibility  to  root  rot  pathogens.

Soilless Media Systems
Soilless systems utilizing growing media such as rockwool,
perlite, or coco coir can tolerate slightly higher root zone
temperatures due to improved aeration and thermal buffering
properties of the growing medium. Optimal temperatures for
these systems typically range from 20 to 28°C (68 to 82°F),
with many commercial operations targeting 22 to 25°C (72 to
77°F) for optimal performance (1).

The growing medium provides several advantages over liquid
culture systems. The air spaces within the substrate maintain
higher oxygen levels even at elevated temperatures, while the
thermal mass of the medium helps dampen rapid temperature
fluctuations. This thermal stability allows for more forgiving
temperature management while still maintaining excellent plant
performance.

System Type
Optimal

Temperature
Range

Critical
Considerations

Common
Challenges
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System Type
Optimal

Temperature
Range

Critical
Considerations

Common
Challenges

Deep Water
Culture

18-22°C
(64-72°F)

Dissolved oxygen
levels

Limited thermal
mass, rapid
temperature
changes

Rockwool
Systems

20-26°C
(68-79°F)

Media moisture
retention

Uneven heating,
thermal
bridging

Coco
Coir/Perlite

22-28°C
(72-82°F)

Media thermal
properties

Variable
thermal

conductivity

Nutrient Film
Technique

18-24°C
(64-75°F)

Flow rate and
film thickness

Channel
heating, pump

heat

Impact on Hydraulic Transport and
Water Relations
Root  zone  temperature  profoundly  influences  hydraulic
transport  mechanisms  within  plants,  affecting  both  water
uptake  rates  and  the  efficiency  of  nutrient  transport  to
aerial  parts.  The  relationship  between  temperature  and
hydraulic  conductivity  follows  predictable  patterns  that
directly impact plant performance.

Water Uptake Mechanisms
Temperature affects water uptake through multiple pathways,
including  both  passive  and  active  transport  mechanisms.
Research on strawberry plants has shown that water absorption
rates initially increase with rising root zone temperatures
but  subsequently  decrease  when  temperatures  exceed  optimal
ranges  (4).  This  biphasic  response  reflects  the  competing
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effects of increased membrane fluidity and enzyme activity at
moderate temperatures versus protein denaturation and membrane
dysfunction at excessive temperatures.

Root  pressure  and  hydraulic  conductivity  show  particularly
strong  temperature  dependence.  Low  root  zone  temperatures
severely reduce both parameters, limiting the plant’s ability
to  transport  water  and  dissolved  nutrients  from  roots  to
shoots (4). This effect becomes especially pronounced when
root zones are maintained below 15°C (59°F), where hydraulic
transport can be reduced by more than 50% compared to optimal
temperatures.

Xylem Development and Function
Temperature also influences the development of xylem tissue,
which serves as the primary pathway for water and nutrient
transport. Studies have demonstrated that optimal root zone
temperatures promote proper xylem differentiation and vessel
development,  enhancing  long  term  transport  capacity  (5).
Conversely,  suboptimal  temperatures  can  result  in  poorly
developed vascular tissue with reduced transport efficiency.

Effects  on  Plant  Growth  and
Development
The influence of root zone temperature on plant growth extends
far  beyond  simple  metabolic  rate  changes,  affecting
fundamental  aspects  of  plant  development  including  root
architecture,  shoot  growth  patterns,  and  reproductive
development.

Root Development and Architecture
Root zone temperature significantly impacts root morphology
and development patterns. Research with lettuce plants has
shown that optimal temperatures (around 25°C/77°F) maximize

https://www.tandfonline.com/doi/full/10.1080/00380768.2012.733925
https://www.mdpi.com/2077-0472/10/6/234


both  root  and  shoot  dry  weight  accumulation,  while
temperatures of 15°C (59°F) or 35°C (95°F) result in reduced
growth rates (2). The relationship between temperature and
root  development  follows  a  classical  optimum  curve,  with
growth rates increasing linearly from minimum temperatures to
an  optimum,  followed  by  sharp  declines  at  supra  optimal
temperatures.

Interestingly, recent studies have revealed that raising root
zone temperature just 3°C (5.4°F) above air temperature can
result in significant improvements in plant productivity. This
approach increased shoot dry weight by 14 to 31% and root dry
weight  by  19  to  30%  across  different  air  temperature
conditions (1). These findings suggest that the optimal root
zone temperature is not an absolute value but rather depends
on the thermal environment of the aerial plant parts.

Shoot Growth and Biomass Accumulation
While root zone temperature directly affects root metabolism,
its  influence  on  shoot  growth  occurs  through  complex
interactions  involving  nutrient  uptake,  hormone  production,
and resource allocation. Plants grown with optimal root zone
temperatures show enhanced shoot growth rates, increased leaf
area  development,  and  improved  overall  biomass
accumulation  (6).

The mechanism underlying these growth improvements involves
enhanced  nutrient  uptake  and  translocation  from  roots  to
shoots. When root zone temperatures are optimal, plants can
more  efficiently  absorb  and  transport  essential  nutrients,
leading  to  improved  photosynthetic  capacity  and  biomass
production in aerial tissues.

Nutrient  Uptake  and  Mineral
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Nutrition
Perhaps  no  aspect  of  plant  physiology  is  more  directly
affected by root zone temperature than nutrient uptake. The
temperature  dependence  of  nutrient  absorption  reflects  the
fundamental  biochemical  nature  of  transport  processes
occurring  in  root  tissues.

Macronutrient Absorption
The uptake of major nutrients including nitrogen, phosphorus,
and potassium shows strong temperature dependence across all
hydroponic  systems.  Classic  research  on  tomato  plants
demonstrated that nutrient uptake for most elements peaks at
approximately 26.7°C (80°F), with significant reductions in
absorption rates at both higher and lower temperatures (7).
This  temperature  optimum  closely  corresponds  to  the
temperature range that maximizes plant growth and development.

Nitrogen  uptake  shows  particularly  interesting  temperature
responses, with both nitrate and ammonium absorption affected
by root zone thermal conditions. At low temperatures, nitrate
accumulation  in  roots  increases  while  transport  to  shoots
decreases,  suggesting  that  cold  stress  impairs  the
translocation  mechanisms  responsible  for  moving  absorbed
nutrients to metabolically active tissues (8).

Pathogen  Development  and  Root
Health
Root zone temperature plays a crucial role in determining the
microbial  ecology  of  hydroponic  systems,  influencing  both
pathogenic and beneficial microorganisms. Understanding these
temperature relationships is essential for maintaining healthy
root systems and preventing disease outbreaks.
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Pathogenic Microorganisms
Many of the most serious root pathogens in hydroponic systems
show strong temperature preferences that overlap with optimal
plant growth ranges. Pythium aphanidermatum, one of the most
devastating  hydroponic  pathogens,  causes  severe  root  rot
symptoms when root zone temperatures reach 23 to 27°C (73 to
81°F).  This  temperature  range  unfortunately  coincides  with
optimal growing conditions for many crop plants, creating a
challenging management situation.

The development of severe root browning and rot in greenhouse
hydroponic  crops  often  coincides  with  hot  weather  when
nutrient  solution  temperatures  rise  above  optimal  ranges.
Higher temperatures not only favor pathogen metabolism and
reproduction but also stress plant roots, making them more
susceptible to infection.

Oxygen  Availability  and  Pathogen
Suppression
The  relationship  between  temperature  and  dissolved  oxygen
creates  additional  challenges  for  pathogen  management.  As
temperatures increase, oxygen solubility decreases, creating
anaerobic conditions that favor certain pathogenic organisms
while simultaneously stressing plant roots. This dual effect
explains  why  temperature  management  is  so  critical  in
hydroponic systems, particularly those with limited aeration
capacity.

Maintaining root zone temperatures in the lower portion of the
optimal range (18 to 22°C/64 to 72°F) helps maximize dissolved
oxygen levels while providing adequate metabolic activity for
plant  growth.  This  approach  represents  a  compromise  that
optimizes the balance between plant performance and disease
suppression.



Beneficial Microorganisms
While pathogenic organisms often receive the most attention,
root zone temperature also affects beneficial microorganisms
that can enhance plant growth and disease resistance. Many
beneficial bacteria and fungi have temperature optima that
align  with  ideal  plant  growing  conditions,  suggesting  co
evolutionary relationships that can be exploited in hydroponic
systems.

The use of beneficial microorganisms as biological control
agents  requires  careful  temperature  management  to  maintain
viable populations while preventing pathogen development. This
balance represents one of the most sophisticated aspects of
modern hydroponic management.

Metabolic and Biochemical Responses
Root zone temperature influences numerous metabolic pathways
within plants, affecting everything from primary metabolism to
secondary metabolite production. These biochemical responses
help explain the growth and quality improvements observed with
optimal temperature management.

Primary Metabolism
Optimal root zone temperatures enhance protein synthesis and
amino acid metabolism in root tissues. Research has shown that
raising root zone temperature by just 3°C (5.4°F) above air
temperature  significantly  increases  total  soluble  protein
concentrations in both roots and leaves (1). This enhanced
protein  synthesis  reflects  improved  metabolic  activity  and
contributes to better plant growth and development.

The  production  of  specific  amino  acids  also  responds  to
temperature management. Ten different amino acids, including
alanine,  arginine,  aspartate,  and  others,  show  increased
concentrations in root tissue when temperatures are maintained

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2024.1352331/full


in optimal ranges (1). These amino acids serve as building
blocks  for  proteins  and  as  precursors  for  numerous  other
metabolic compounds.

Secondary Metabolite Production
Root zone temperature also affects the production of secondary
metabolites that contribute to plant quality and nutritional
value.  Optimal  temperatures  increase  the  concentrations  of
important  compounds  including  carotenoids,  chlorophyll,  and
ascorbic acid (1). These improvements in secondary metabolite
production enhance both the visual quality and nutritional
value of harvested crops.

Interestingly,  stress  temperatures  can  sometimes  increase
certain secondary metabolites. Higher temperatures (35°C/95°F)
in lettuce production significantly increase pigment contents
including anthocyanins and carotenoids, though this comes at
the  cost  of  reduced  plant  growth  (2).  This  relationship
suggests opportunities for strategic temperature manipulation
during specific growth phases to optimize product quality.

Practical Management Strategies
Implementing  effective  root  zone  temperature  management
requires  understanding  both  the  technical  aspects  of
temperature control and the practical constraints of different
growing systems. Successful temperature management strategies
must  balance  plant  requirements  with  economic  and  energy
considerations.

Temperature Monitoring and Control
Accurate temperature monitoring represents the foundation of
effective root zone management. Unlike air temperature, which
can  be  measured  at  any  convenient  location,  root  zone
temperature must be measured at the actual root interface.
This requires placing sensors directly in the growing medium

https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2024.1352331/full
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or nutrient solution where roots are actively growing.

For DWC systems, temperature sensors should be placed directly
in  the  nutrient  reservoir  at  root  level.  In  media  based
systems, sensors should be buried in the growing medium at the
depth  where  the  majority  of  roots  are  located.  Multiple
sensors  may  be  necessary  in  large  systems  to  account  for
thermal gradients and ensure uniform temperature management.

Heating and Cooling Strategies
Heating strategies for root zone temperature management vary
considerably based on the type of hydroponic system and local
climate  conditions.  In  DWC  systems,  submersible  aquarium
heaters provide reliable and precise temperature control. For
media based systems, heating cables or mats can be installed
beneath growing containers to provide bottom heat.

Cooling  presents  greater  challenges,  particularly  in  warm
climates  or  heated  growing  environments.  Water  chillers
represent  the  most  reliable  solution  for  DWC  systems  but
require significant energy investment. For smaller operations,
the use of insulation, reflective materials, and strategic
shading can help moderate temperature extremes.

Some innovative approaches include using waste heat from LED
lighting systems to warm root zones during cooler periods, or
incorporating  thermal  mass  materials  to  buffer  temperature
fluctuations. These strategies can improve energy efficiency
while maintaining optimal growing conditions.

Conclusion
Root zone temperature management represents one of the most
impactful  yet  underutilized  tools  available  to  hydroponic
growers. The evidence clearly demonstrates that maintaining
optimal temperatures can significantly improve plant growth
rates, enhance nutrient uptake efficiency, and increase crop



quality. However, successful implementation requires careful
attention  to  system  specific  requirements  and  the  balance
between plant needs and pathogen management.

The  differences  between  DWC  and  soilless  media  systems
necessitate  different  temperature  targets  and  management
strategies.  While  DWC  systems  require  more  restrictive
temperature control due to oxygen limitations, soilless media
systems  offer  greater  flexibility  and  thermal  stability.
Understanding  these  differences  allows  growers  to  optimize
their specific systems for maximum productivity.

Perhaps most importantly, the research reveals that root zone
temperature should not be considered in isolation but as part
of  an  integrated  environmental  management  strategy.  The
relationship  between  root  zone  and  air  temperatures,  the
interaction with dissolved oxygen levels, and the impact on
microbial communities all require careful consideration when
developing temperature management protocols.

NIR Devices for Leaf Tissue
Mineral Analysis
Traditional leaf tissue analysis can cost 50 to 150 USD per
sample and take weeks to complete, forcing growers to make
nutrient  decisions  based  on  outdated  information.  Near
infrared (NIR) spectroscopy devices could theoretically change
this reality by providing real time, on site mineral analysis
of leaf tissues at a fraction of the cost and time required by
conventional laboratory methods.

https://scienceinhydroponics.com/2025/10/nir-devices-for-leaf-tissue-mineral-analysis.html
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Image showing NIR measured Vs predicted N values for potatoes,
taken from (7)

The Science Behind NIR Technology
Near  infrared  spectroscopy  operates  in  the  electromagnetic
spectrum  between  700  and  2500  nanometers,  measuring  the
absorption of light by molecular bonds in plant tissues. The
technique works by exploiting the fact that organic compounds
containing carbon hydrogen (C-H), oxygen hydrogen (O-H), and
nitrogen hydrogen (N-H) bonds absorb specific wavelengths of
NIR light (1).

The fundamental principle relies on the relationship between
chemical composition and spectral signatures. When NIR light
penetrates leaf tissue, different molecules absorb energy at
characteristic  wavelengths,  creating  a  unique  spectral
fingerprint.  Mathematical  models,  typically  using  partial
least squares regression (PLSR), then correlate these spectral
patterns with actual mineral concentrations determined through
traditional analytical methods (2).

https://link.springer.com/article/10.1007/s11119-023-10091-z
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Importantly,  NIR  technology  detects  macronutrients  like
nitrogen, phosphorus, and sulfur directly because they are
major constituents of NIR sensitive organic compounds such as
proteins,  nucleic  acids,  and  amino  acids.  In  contrast,
nutrients  that  exist  primarily  in  inorganic  forms  like
calcium,  magnesium,  and  potassium  are  detected  indirectly
through their associations with organic compounds (3).

Expected Accuracy Levels
Recent  studies  show  that  NIR  spectroscopy  can  achieve
excellent  prediction  accuracy  for  macronutrients,  with
correlation coefficients (R²) typically ranging from 0.80 to
0.95 for nitrogen, phosphorus, and potassium in various crop
species  (4).  Micronutrients  generally  show  lower  accuracy,
with  R²  values  between  0.60  to  0.85,  due  to  their  lower
concentrations and weaker correlations with NIR active organic
compounds.

The ratio of performance to deviation (RPD) values provide
another measure of model reliability. RPD values above 2.0
indicate good to excellent predictions, while values above 3.0
are considered excellent for analytical purposes (5). Most
successful NIR calibrations for major nutrients achieve RPD
values between 2.5 and 4.0, making them suitable for practical
nutrient management decisions.

However,  accuracy  varies  significantly  based  on  sample
preparation and measurement conditions. Dried and ground leaf
samples consistently produce better calibrations compared to
fresh leaves, with improvements in R² values of 0.10 to 0.20
for most nutrients. This standardization eliminates moisture
content  variability  and  particle  size  effects  that  can
interfere with spectral measurements (6).

https://www.intechopen.com/chapters/54174
https://plantmethods.biomedcentral.com/articles/10.1186/s13007-019-0450-8
https://www.nature.com/articles/srep33183
https://pmc.ncbi.nlm.nih.gov/articles/PMC4371691/


Calibration  Challenges  and
Requirements
Developing robust NIR calibrations requires extensive datasets
spanning the full range of nutrient concentrations likely to
be encountered in practice. Most successful models require 100
to 300 calibration samples representing different varieties,
growth  conditions,  and  nutritional  states.  The  quality  of
reference  analytical  data  used  for  calibration  directly
impacts the final model accuracy, making precise laboratory
analysis of training samples essential.

Spectral preprocessing represents another critical calibration
challenge.  Raw  NIR  spectra  contain  noise  from  light
scattering, baseline shifts, and instrument variability that
must  be  corrected  before  model  development.  Common
preprocessing  methods  include  multiplicative  scatter
correction (MSC), standard normal variate (SNV), and various
derivative transformations, with the optimal approach varying
by crop species and nutrient (7).

Model  transferability  between  different  instruments,
locations,  and  time  periods  poses  ongoing  challenges.
Calibrations  developed  for  one  NIR  device  often  require
recalibration when applied to different instruments, even from
the  same  manufacturer.  This  limitation  necessitates  either
standardization  procedures  or  the  development  of  universal
calibration models that work across multiple platforms.

Real World Application Issues
Field  deployment  of  NIR  devices  introduces  additional
complications  not  encountered  in  laboratory  settings.
Temperature  variations  can  significantly  affect  spectral
measurements, as changing temperatures alter the abundance of
organic compounds in plant tissues and the optical properties

https://link.springer.com/article/10.1007/s11119-023-10091-z


of the instrument itself (8).

Moisture  content  represents  perhaps  the  most  significant
challenge for in field NIR analysis. Water absorption bands
can overwhelm nutrient signals in fresh leaf tissue, reducing
prediction accuracy by 20 to 40% compared to dried samples.
Some  portable  NIR  devices  attempt  to  compensate  through
moisture  correction  algorithms,  but  these  approaches  add
complexity and potential error sources.

Plant  species  specificity  also  limits  practical
implementation.  Most  NIR  calibrations  work  best  for  the
specific  crop  and  varieties  used  in  model  development.
Attempting to apply potato leaf calibrations to tomato plants,
for  example,  typically  results  in  poor  accuracy.  This
specificity requirement means that commercial operations need
either species specific calibrations or must accept reduced
accuracy when using general purpose models.

Comparison  with  Traditional
Analytical Techniques

Parameter
NIR

Spectroscopy
ICP-OES

Atomic
Absorption

Ion
Chromatography

Analysis Time 30 seconds
5-10 minutes per

sample
2-5 minutes
per element

15-30 minutes

Sample
Preparation

Minimal
(grinding
optional)

Acid digestion
required

Acid digestion
required

Water
extraction

Cost per
Analysis

$1-5 $25-50 $15-30 $20-40

Multi-element
Capability

Yes
(simultaneous)

Yes
(simultaneous)

No (single
element)

Limited

Accuracy
(under ideal
calibration
and sampling
conditions)

Moderate (R²
0.80-0.95
majors)

Poor (R² <
0.6-0.85
micros)

Excellent
(R²>0.99)

Excellent
(R²>0.99)

Very Good
(R²>0.95)

https://www.sciencedirect.com/science/article/abs/pii/S0169743923001752


Parameter
NIR

Spectroscopy
ICP-OES

Atomic
Absorption

Ion
Chromatography

Detection
Limits

Moderate
(0.1-1.0%)

Excellent (ppm
level)

Very Good (ppm
level)

Good (10-100
ppm)

Equipment
Cost

$15,000-50,000 $150,000-300,000 $25,000-75,000 $50,000-100,000

Portability
High (handheld

available)
None (lab only) Low (benchtop) Low (benchtop)

Chemical
Safety

None (no
chemicals)

High risk
(acids)

High risk
(acids)

Low risk

Operator
Training

Minimal Extensive Moderate Moderate

Economic  Considerations  for
Commercial Growers
The  economics  of  NIR  technology  become  compelling  for
operations  analyzing  more  than  200  leaf  samples  annually.
Traditional laboratory analysis costs typically range from 50
to 150 USD per sample including shipping and handling, while
NIR analysis costs drop to 1 to 5 USD per sample after initial
equipment investment. For a medium scale greenhouse operation
testing weekly throughout the growing season, this represents
potential savings of 10,000 to 30,000 USD annually.

However,  the  initial  capital  investment  for  quality  NIR
equipment  ranges  from  15,000  to  50,000  USD,  depending  on
spectral range and measurement capabilities. Handheld devices
suitable for basic macronutrient analysis start around 15,000
USD,  while  benchtop  instruments  capable  of  full  spectrum
analysis and micronutrient detection can exceed 50,000 USD
(9).

Current  Limitations  and  Future

https://felixinstruments.com/blog/nir-applications-in-agriculture-everything-you-need-to-know-for-2020/


Prospects
Despite significant advances, NIR technology for leaf analysis
still  faces  several  limitations.  Micronutrient  detection
remains  challenging  due  to  low  concentrations  and  weak
spectral signatures. Reliable calibrations for elements like
iron,  zinc,  and  manganese  typically  require  concentrations
above  100  mg/kg,  limiting  utility  for  detecting  subtle
deficiencies (10).

The development of machine learning approaches and artificial
neural  networks  shows  promise  for  improving  prediction
accuracy and handling complex spectral relationships. These
advanced mathematical techniques can potentially extract more
information  from  NIR  spectra  than  traditional  regression
methods,  particularly  for  challenging  nutrients  and  mixed
species applications. However the success of these techniques
hinges  on  the  amount  of  available  data,  if  the  learning
library is not big enough, or your crop deviates substantially
from it, your accuracy could be even worse than without these
complex approaches.

Practical Recommendations
For  commercial  growers  considering  NIR  technology,  the
decision should be based on sample volume, required accuracy,
and  available  budget.  Operations  analyzing  fewer  than  100
samples annually are generally better served by traditional
laboratory  analysis.  However,  high  throughput  operations,
research  facilities,  and  precision  agriculture  applications
can achieve significant benefits from a well calibrated NIR
implementation.

When implementing NIR technology, invest in proper calibration
development using samples from your specific crops and growing
conditions.  Generic  calibrations  provided  by  instrument
manufacturers rarely achieve the accuracy needed for reliable

https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-024-05776-0


nutrient management decisions. Plan for ongoing calibration
maintenance  and  periodic  validation  against  traditional
analytical  methods  to  ensure  continued  accuracy.  NIR
instruments that cannot be properly calibrated for the exact
conditions of the grower are much more likely to lead to
unusable results.

The  future  of  leaf  tissue  analysis  clearly  points  toward
rapid,  non  destructive  technologies  like  NIR  spectroscopy.
While  current  limitations  prevent  complete  replacement  of
traditional  methods,  NIR  devices  offer  valuable  screening
capabilities and real time insights that can significantly
improve nutrient management efficiency under ideal conditions.
As the technology continues to mature and costs decrease,
adoption  will  likely  accelerate  across  all  scales  of
agricultural  production.

Oxygenation  of  Nutrient
Reservoirs in Substrate-Based
Soilless Crops
When growers new to hydroponics start working with soilless
systems, one of the first questions that comes up is whether
they should be actively aerating their nutrient solutions. Air
stones bubbling away in reservoirs have become synonymous with
hydroponics,  particularly  in  deep  water  culture  systems.
However,  when  growing  in  substrates  like  coconut  coir  or
rockwool,  the  situation  is  fundamentally  different.
Understanding  where  root  oxygen  comes  from  in  substrate
systems can help you avoid wasting resources on unnecessary
equipment  while  also  helping  you  understand  the  real

https://scienceinhydroponics.com/2025/10/oxygenation-of-nutrient-reservoirs-in-substrate-based-soilless-crops.html
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limitations  of  these  growing  methods.

Figure  1.  Influence  of  particle  size  on  air  and  water
distribution in growing substrates. Coarse particles create
macropores that hold air after drainage, while fine particles
create micropores that retain water. The balance between these
determines oxygen availability to roots (7).

Where Roots Get Oxygen in Substrate Systems

In substrate-based growing systems, roots obtain nearly all
their oxygen from air-filled pores within the growing medium,
not from dissolved oxygen in the nutrient solution. Substrates
like rockwool and coconut coir typically have total porosities
exceeding 80%, compared to typical soil porosities below 40%
(1). This high porosity ensures there are enough water-filled
pores for nutrient transport as well as enough air-filled
pores for oxygen transport.

The key parameter governing oxygen availability in substrates
is air-filled porosity, which represents the percentage of air
contained in a fixed volume of substrate after it has been
saturated  with  water  and  the  free  water  has  drained  (2).
Research on growing media has shown that adequate air-filled
porosity levels for optimal plant growth typically range from
10-20%, with some studies suggesting that values above 20% may
be necessary immediately after irrigation to prevent hypoxia
(3).

https://scienceinhydroponics.com/wp-content/uploads/2025/10/image-16.png
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When you irrigate a substrate, the nutrient solution displaces
air in the open pores. As the substrate drains, air is drawn
back down into the root system. This cycle of wetting and
drying is what supplies roots with fresh oxygen. The oxygen
diffusion coefficient in air is approximately 10,000 times
higher  than  in  water,  which  means  that  gas-phase  oxygen
transport through substrate pores is far more efficient than
dissolved oxygen transport through water (4).

Substrate Type
Total

Porosity
(%)

Air-Filled
Porosity at

Field Capacity
(%)

Water
Holding

Capacity (%)

Rockwool 95-97 15-20 75-80

Coconut Coir 85-90 20-30 60-70

Coco/Perlite
(70:30)

85-90 25-35 55-65

Perlite 50-70 30-40 30-40
Does Nutrient Solution Oxygenation Make Sense?

The short answer is that in properly managed substrate systems
with adequate irrigation frequency, oxygenating the nutrient
solution in your reservoir provides minimal benefit to plant
growth. The reason is simple: the overwhelming majority of
oxygen uptake occurs through gas-phase diffusion in the air-
filled pores of the substrate, not through dissolved oxygen in
the water phase.

Research comparing water-based and substrate-based cultivation
systems  has  demonstrated  that  substrate-grown  plants  can
thrive  even  when  oxygen  supply  through  irrigation  is
potentially  growth  limiting,  as  long  as  the  substrate
maintains adequate air-filled porosity (1). In contrast, water
culture systems where roots are continuously submerged rely
entirely  on  dissolved  oxygen,  making  aeration  critical  in
those applications.

https://pmc.ncbi.nlm.nih.gov/articles/PMC7382376/
https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2017.00562/full


The irrigation strategy you use has far more impact on root
zone oxygen than dissolved oxygen levels in your reservoir.
Allowing substrates to dry down between irrigations increases
air-filled porosity and draws fresh air into the root zone.
Over-irrigation is far more likely to cause oxygen deficiency
problems than low dissolved oxygen in your nutrient tank. When
substrates remain saturated, air-filled pores fill with water,
creating  anaerobic  conditions  regardless  of  how  much  you
aerate your reservoir.

The exception to this general rule would be in situations
where you have continuous or very frequent irrigation with
minimal drainage, essentially converting your substrate system
into  something  closer  to  a  water  culture  system.  In  such
cases,  dissolved  oxygen  becomes  more  important,  but  this
represents poor management of a substrate system rather than a
reason to add aeration.

The Pathogen Risk of Solution Aeration

While aerating nutrient solutions might seem harmless even if
unnecessary,  there  is  a  significant  downside  that  growers
should  consider:  the  increased  risk  of  introducing  and
spreading  waterborne  pathogens,  particularly  species  of
Pythium and Phytophthora.

These  oomycete  pathogens  are  among  the  most  problematic
diseases in hydroponic systems. They produce motile zoospores
that  can  swim  through  nutrient  solutions  using  flagella,
allowing them to spread rapidly through recirculating systems
(5). When closed hydroponic systems are used, pathogens can
enter  and  then  rapidly  disseminate,  particularly  during
periods of stress such as high temperatures or low dissolved
oxygen levels (5).

Aeration  systems  create  several  opportunities  for  pathogen
introduction  and  proliferation.  Air  stones  and  diffusers
provide surfaces for biofilm formation where pathogens can

https://pmc.ncbi.nlm.nih.gov/articles/PMC2708430/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2708430/


colonize. The turbulence created by aeration helps distribute
any pathogens present throughout the solution more effectively
than they would spread by passive diffusion. The air being
pumped into the system can carry airborne pathogen propagules,
and  unless  you  are  using  sterile  filtration  on  your  air
intake, you are essentially inoculating your reservoir with
whatever  microorganisms  happen  to  be  in  your  growing
environment.

Low dissolved oxygen has been reported to increase Pythium
infection in hydroponic systems (6). However, in substrate
systems where roots obtain oxygen primarily from air-filled
porosity  rather  than  dissolved  oxygen,  the  relationship
between solution aeration and disease suppression becomes less
clear. The more relevant factors for disease prevention in
substrate  systems  include  maintaining  proper  irrigation
frequency  to  ensure  adequate  substrate  aeration,  avoiding
prolonged saturation, and keeping solution temperatures below
24°C where practical.

Pathogen Risk Factor
Risk Level with

Aeration
Risk Level

without Aeration

Airborne contamination
introduction

High Low

Pathogen distribution
through solution

High (turbulent
mixing)

Moderate (passive
diffusion)

Biofilm formation sites
High (air stones,

tubing)
Low (tank

surfaces only)

Solution temperature
increase

Possible (pump
heat)

Minimal

Practical Recommendations

For  growers  using  substrate-based  systems,  the  evidence
suggests that resources are better spent on proper irrigation
management  than  on  solution  aeration.  Focus  on  selecting
substrates  with  adequate  air-filled  porosity,  implementing

https://urbanagnews.com/blog/research/pythium-root-rot-on-hydroponically-grown-basil-and-spinach/


irrigation schedules that allow periodic drying to refresh the
air in the root zone, and maintaining appropriate solution
temperatures.

If you are growing in pure water culture systems like deep
water culture, NFT, or aeroponics, then maintaining adequate
dissolved  oxygen  becomes  critical  and  aeration  or  other
oxygenation methods are necessary. But if you are growing in
rockwool, coco coir, or similar substrates with good drainage,
your plants are getting their oxygen from the air in the
substrate pores, not from the water in your reservoir.

The  key  takeaway  is  this:  in  substrate  systems,  oxygen
management  happens  at  the  substrate  level  through  proper
irrigation  practices,  not  at  the  reservoir  level  through
aeration. Understanding this fundamental difference can help
you  avoid  unnecessary  equipment  costs  while  potentially
reducing your risk of introducing waterborne pathogens into
your growing system.

Top  5  Open  Source  Hardware
Tools  to  Boost  Your
Hydroponic Yields
The equipment you use to monitor and control your hydroponic
system  can  make  or  break  your  crop  quality  and  yields.
Commercial systems often cost thousands of dollars, putting
precision agriculture out of reach for small to medium-scale
operations. Fortunately, open source hardware platforms like
Raspberry Pi and Arduino have revolutionized what growers can
achieve with limited budgets. In this post, I’ll walk you
through five open source hardware tools you can build yourself

https://scienceinhydroponics.com/2025/10/top-5-open-source-hardware-tools-to-boost-your-hydroponic-yields.html
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to significantly improve your operation.

Results of the plant phenotyping system used in (4)

Why Open Source Hardware Matters
Before diving into specific tools, it’s worth understanding
why  open  source  hardware  is  such  a  game-changer  for
hydroponics. These platforms typically cost 90-95% less than
commercial equivalents while offering comparable or superior
functionality (1). More importantly, you control the design,
can modify it for your specific needs, and aren’t locked into
proprietary systems.

1.  Automated  pH  and  EC  Control
System
Maintaining  optimal  pH  (typically  5.8-6.2)  and  electrical

https://scienceinhydroponics.com/wp-content/uploads/2025/10/image-14.png
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conductivity is critical for nutrient uptake and plant health.
Manual adjustment is time-consuming and prone to error. An
automated  system  using  a  Raspberry  Pi  3  with  fuzzy  logic
control  can  maintain  these  parameters  with  remarkable
precision  (2).

The system uses pH and EC sensors as inputs and controls four
pumps  (high  EC  solution,  water,  acid,  and  base)  to
automatically  adjust  your  nutrient  solution.  In  controlled
trials with lettuce, automated systems maintained target pH
within 0.04 units and achieved 7% greater leaf width compared
to manual management (2). The entire system can be built for
under $200 using readily available components.

Key Benefits:

Parameter Improvement

pH stability ±0.04 units

Labor reduction 90% reduction in manual testing

Plant growth 7% increase in leaf width

System cost ~$150-200

2. Open Source PAR Sensor
Light is your most important input for photosynthesis, yet
many  growers  operate  blindly  without  measuring
photosynthetically  active  radiation  (PAR).  Commercial  PAR
sensors  cost  $600-1000,  but  you  can  build  an  open  source
version  using  an  AS7341  spectral  sensor  and  ESP32
microcontroller  for  approximately  $50-70  (1).

This system measures PAR across the 400-700nm spectrum with
accuracy comparable to commercial sensors (within 2-5% error).
It includes data logging to an SD card and optional WiFi
connectivity for remote monitoring. Since a 1% increase in
lighting  typically  provides  a  1%  increase  in  yield  (3),
knowing exactly how much light your plants receive allows you
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to optimize your lighting strategy and maximize productivity.

3. Plant Phenotyping Camera System
Visual monitoring of plant growth provides invaluable data for
optimizing your system. A Raspberry Pi-powered imaging system
can  capture  time-lapse  images  of  your  crops  and  extract
quantifiable traits like plant area, height, and color (4).

For around $100 per camera unit, you can set up multiple
Raspberry  Pi  cameras  in  your  grow  space  to  continuously
monitor plant development. The images can be processed using
open source software like PlantCV to automatically measure
growth rates, detect stress before it’s visible to the naked
eye, and compare different treatments or varieties (4). This
approach scales well, with some research groups successfully
deploying 180 cameras to monitor 1800 plants simultaneously
with 96% uptime (5).

Phenotyping System Comparison:

System Type Cost per Unit Traits Measured
Temporal
Resolution

Commercial $5,000-50,000 Multiple Variable

Raspberry Pi $100-150
Area, height,
color, shape

Minutes to hours

Manual Labor cost Limited Daily at best

4.  Multi-Parameter  Environmental
Data Logger
Environmental  conditions  directly  impact  both  yield  and
quality.  An  Arduino  or  ESP32-based  data  logger  can
simultaneously monitor temperature, humidity, CO2, dissolved
oxygen, and solution temperature. By logging data every 1-2
minutes, you can identify patterns and problems that periodic

https://pmc.ncbi.nlm.nih.gov/articles/PMC5895192/
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manual measurements would miss (6).

Dissolved  oxygen  is  particularly  important  but  rarely
monitored by small-scale growers due to sensor costs. However,
maintaining adequate dissolved oxygen levels (above 5 mg/L) is
essential for root health and nutrient uptake. An open source
system using Atlas Scientific sensors can monitor DO along
with other parameters for a few hundred dollars.

The real value comes from the data. When you can correlate
environmental conditions with plant performance, you can make
informed decisions about climate control, identify the optimal
conditions for your specific varieties, and catch problems
before they impact yields.

5. Automated Nutrient Dosing System
Precision in nutrient delivery improves both crop quality and
reduces waste. An automated dosing system using peristaltic
pumps  controlled  by  a  microcontroller  can  deliver  exact
amounts of different nutrient solutions based on real-time
sensor feedback (2).

The system can be programmed to maintain target EC and pH
values  by  calculating  the  required  pump  run  times  using
mathematical  models  or  machine  learning  approaches.  More
sophisticated implementations can adjust nutrient ratios based
on  plant  growth  stage  or  environmental  conditions.  While
commercial fertigation systems cost thousands of dollars, an
open source version can be built for $300-500 depending on the
number of nutrient solutions you want to control.

Getting Started
Building these systems requires some technical knowledge, but
the barrier to entry is lower than you might think. Start with
a single-purpose system like the PAR sensor or environmental
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data logger to learn the basics. Online communities around
Arduino,  Raspberry  Pi,  and  platforms  like  Mycodo  provide
extensive documentation and support.

The investment in time to build and configure these systems
pays dividends through improved crop quality, higher yields,
and better understanding of your growing environment. Even if
you only implement one or two of these tools, you’ll gain
capabilities  that  were  reserved  for  large  commercial
operations  just  a  few  years  ago.

Cost Comparison:

Tool Commercial Cost Open Source Cost Savings

pH/EC Controller $800-2000 $150-200 85-90%

PAR Sensor $600-1000 $50-70 93-95%

Phenotyping System $5000+ $100-150 97%

Data Logger $400-800 $100-200 60-80%

Dosing System $1500-3000 $300-500 75-85%
The beauty of open source hardware is that you can start small
and expand as your needs grow. Each tool you add gives you
more  control  and  insight  into  your  operation,  ultimately
leading to better crops and more profitable growing.

Have you built any open source monitoring or control systems
for your hydroponic operation? What challenges did you face
and what benefits have you seen? Let me know in the comments
below!



Growing  Soilless  Crops
Without  Nitrates:  Practical
Options  When  Nitrate  Salts
Are Unavailable
For  growers  in  regions  where  geopolitical  conflicts  or
economic constraints limit access to nitrate fertilizers like
calcium nitrate and potassium nitrate, the question arises:
can  you  grow  hydroponic  or  soilless  crops  using  only
alternative nitrogen sources? The short answer is yes, but
with  important  limitations  and  necessary  substrate
modifications. This post explores the science behind nitrate-
free soilless growing and practical strategies for growers
facing nitrate scarcity.

The above image is sourced from (8).
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Why  Nitrates  Dominate  in
Hydroponics
In conventional hydroponics, 85-95% of nitrogen is supplied as
nitrate (NO3-) rather than ammonium (NH4+). This preference
exists for good reasons. Plants can safely store nitrate in
vacuoles  without  toxicity,  while  ammonium  accumulation  in
plant tissues causes rapid damage (1). In soil, nitrifying
bacteria convert ammonium to nitrate before plant uptake, but
most  soilless  substrates  lack  these  microbial  communities.
Without this conversion, ammonium concentrations that would be
harmless in soil become highly toxic in hydroponics.

Research on tomatoes shows that plants supplied with 112 ppm
nitrogen as ammonium developed severe toxicity symptoms and
produced only one-third the biomass of nitrate-fed plants (1).
Even at 14 ppm nitrogen, ammonium-only nutrition suppressed
growth  compared  to  mixed  nitrogen  sources.  For  lettuce,
similar effects occur, with crown discoloration and biomass
reductions appearing at 50 ppm ammonium nitrogen (2).

Maximum Safe Ammonium Levels
The tolerance threshold varies by species and conditions, but
general guidelines exist:

Crop Type
Maximum Safe
Ammonium (% of

total N)

Maximum
Concentration (ppm

N)

Most crops (standard) 10-15% 15-30 ppm

Sensitive crops
(tomato, pepper,

lettuce)
5-10% 10-20 ppm

Cold conditions (<15°C) 0-5% 0-10 ppm

High light, fast growth 15-20% 20-40 ppm

https://www.tandfonline.com/doi/abs/10.1080/01904168509363401
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These limits exist because ammonium uptake is passive and
rapid, plants cannot regulate it effectively, and it disrupts
calcium and magnesium uptake while acidifying the root zone
(3).

Substrate  Amendments:  Creating
Artificial Soil
The key to using higher ammonium levels or organic nitrogen
sources is establishing nitrifying bacteria in the substrate.
Recent research demonstrates that soilless substrates can be
inoculated  with  microbial  communities  that  convert  organic
nitrogen to nitrate (4).

Effective  substrates  for  nitrification  include  rockwool,
vermiculite, polyurethane foam, oyster shell lime, and rice
husk charcoal. The process requires:

Inoculum  source:  Bark  compost  or  mature  vermicompost1.
provides ammonia-oxidizing bacteria (AOB) and nitrite-
oxidizing bacteria (NOB). Add 1g per 100mL substrate
initially.
Temperature: Nitrifying bacteria function optimally at2.
25-42°C. Below 15°C, nitrification slows dramatically,
causing ammonium accumulation (5).
Humidity  and  aeration:  Substrates  need  >50%  relative3.
humidity  and  adequate  oxygen.  Waterlogged  conditions
inhibit nitrification and promote denitrification.
Establishment  period:  Allow  2-3  weeks  for  bacterial4.
colonization before planting. Daily additions of dilute
organic  fertilizer  (6  mg  N  per  100mL  substrate)
accelerate  establishment.

https://www.mdpi.com/2073-4395/13/6/1487
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Practical Nitrogen Sources

Ammonium Salts
Ammonium sulfate ((NH4)2SO4) is the most accessible ammonium
source  globally.  At  21%  nitrogen,  it  provides  both  N  and
sulfur. However, use caution:

Never  exceed  20%  of  total  nitrogen  as  ammonium  in
solution
Monitor  substrate  pH  closely,  as  ammonium  uptake
releases protons and acidifies the root zone
Increase  ratios  only  under  high  light  and  warm
temperatures (>20°C)
Sensitive  crops  like  lettuce,  tomato,  and  pepper
tolerate lower ratios

Ammonium  phosphate  (MAP  or  DAP)  offers  nitrogen  plus
phosphorus but requires even more careful management due to
rapid pH shifts.

Urea
Urea  (CO(NH2)2)  at  46%  nitrogen  is  economical  and  widely
available. In water, urease enzymes (either from bacteria or
added  exogenously)  hydrolyze  urea  to  ammonium.  However,
hydroponic studies on various crops show that urea performs
poorly as a sole nitrogen source (6). Plants fed only urea
exhibited nitrogen deficiency symptoms at low concentrations
and toxicity at high concentrations. The primary issues are:

Insufficient uptake of intact urea by most crop species
Variable conversion rates without soil bacteria
pH instability during hydrolysis

Combined  applications  of  urea  with  nitrate  showed  better

https://www.tandfonline.com/doi/pdf/10.1080/00380768.1998.10414484


results than urea alone, but if nitrates are unavailable, urea
offers limited benefit beyond what ammonium salts provide (6).

Compost and Organic Extracts
Compost  leachates  and  vermicompost  teas  contain  nitrogen
primarily as proteins, amino acids, and ammonium. Direct use
in inert hydroponics fails because plants cannot efficiently
absorb complex organic nitrogen. However, two approaches work:

Aerobic  nitrification  method:  Add  organic  nitrogen  sources
like  corn  steep  liquor  (1g/L)  or  fish  emulsion  plus  bark
compost (0.5g/L) as bacterial inoculum. Aerate for 12 days,
during  which  bacteria  convert  organic  N  and  ammonium  to
nitrate, reaching 100-130 ppm N as nitrate (7). This creates a
low-cost, nitrate-containing solution from readily available
materials.

Substrate-based  mineralization:  Inoculate  substrates  with
compost microbes and apply dilute organic fertilizers daily.
The substrate acts as a biofilter, mineralizing organic N to
nitrate before plant uptake (4). This method requires 2-3
weeks establishment and careful moisture management.

Expected Yield Impacts
When managed properly with substrate amendments and bacterial
communities,  yields  can  approach  conventional  hydroponic
levels.  Studies  show  that  tomatoes  grown  with  nitrified
organic solutions performed comparably to mineral fertilizer
controls when adequate nitrate was generated (7).

However,  several  factors  reduce  yields  in  poorly  managed
nitrate-free systems:

Ammonium  toxicity:  High  ammonium  causes  30-70%  yield
reductions across most crops (1)
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Nutrient imbalances: Ammonium competes with Ca2+ and Mg2+

uptake, inducing deficiencies
pH instability: Root zone acidification from ammonium
uptake reduces nutrient availability
Incomplete  mineralization:  Organic  N  sources  may  not
fully convert to plant-available forms

Realistic expectations for growers transitioning to nitrate-
free systems:

First crop cycle: 50-70% of conventional yields while
optimizing conditions
Established  systems  with  functioning  bacterial
communities: 80-95% of conventional yields
Cold  season  growing  (<15°C):  40-60%  due  to  impaired
nitrification

Nutrient Solution Modifications
Without calcium nitrate, calcium must come from chloride or
sulfate  sources  rather  than  nitrate.  Calcium  chloride  is
highly soluble but adds chloride. Gypsum (calcium sulfate)
doesn’t have the solubility needed to make concentrated stock
solutions  and  therefore  can  only  be  added  to  the  final
solutions  or  added  to  the  media  as  an  amendment.  Calcium
chloride can add unwanted high amounts of chlorides as it’s
therefore best avoided. If you are doing composting amendments
then limestone amendments might be the most desirable way to
supply Ca to the crop.

Critical Success Factors
To  successfully  grow  soilless  crops  without  nitrate
fertilizers:



Establish  nitrifying  bacteria:  This  is  non-negotiable1.
for using organic N or high ammonium levels
Monitor  pH  constantly:  Ammonium  acidifies  solutions;2.
maintain pH 5.8-6.5 through buffering or base addition
Provide  adequate  calcium:  Use  calcium  chloride  or3.
sulfate since calcium nitrate is unavailable
Keep temperatures warm: >20°C substrate temperature for4.
bacterial activity
Start  conservatively:  Begin  with  10%  ammonium  and5.
increase gradually as plants adapt
Choose tolerant species first: Leafy greens like pak6.
choi are more tolerant than tomatoes or peppers

Conclusion
Growing  soilless  crops  without  nitrates  is  achievable  but
requires different management than conventional hydroponics.
The approach depends on creating conditions that mimic soil
processes,  establishing  microbial  communities  to  convert
ammonium and organic nitrogen to nitrate within the substrate.
While  yields  may  initially  be  lower,  proper  substrate
inoculation,  temperature  management,  and  careful  nitrogen
source selection can produce acceptable results. For growers
with limited access to nitrate salts, combining small amounts
of ammonium sulfate (20-30 ppm N) with aerobically nitrified
compost  teas  or  inoculated  substrates  offers  the  most
practical  path  forward.

Using  Portable  Low-Cost
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Chlorophyll Sensors to Assess
Plant Health and Improve Crop
Quality in Hydroponics
When you grow plants hydroponically you become responsible for
delivering  the  exact  amount  of  every  essential  nutrient.
Getting  nitrogen  right  is  particularly  challenging  since
plants can require dramatically different amounts depending on
their growth stage. Traditional methods to assess nitrogen
status  require  sending  leaf  samples  to  a  lab,  which  is
expensive, destructive, and provides results too late to make
timely  corrections.  Portable  chlorophyll  meters  offer  a
practical solution.

A  DIY  chlorophyl  meter  compared  to  some  commercial
alternatives  (taken  from  (9)).
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What  Are  Portable  Chlorophyll
Meters?
Portable chlorophyll meters are handheld devices that non-
destructively  estimate  the  chlorophyll  content  in  plant
leaves. The most widely used device is the SPAD-502 meter,
which works by measuring light transmission through a leaf at
two wavelengths: 650 nm (red light, which chlorophyll absorbs)
and 940 nm (infrared, which chlorophyll does not absorb). The
device calculates a dimensionless SPAD value based on the
transmission  ratio  (1).  Since  50-70%  of  leaf  nitrogen  is
contained in chlorophyll molecules, these readings provide a
reliable proxy for nitrogen status (2).

These meters are particularly useful in hydroponic systems
where you have complete control over nutrient delivery and can
make  rapid  adjustments  when  deficiencies  are  detected.
Research  has  demonstrated  strong  correlations  between
chlorophyll  meter  readings  and  nitrogen  status  in  major
hydroponic  crops  including  tomato  (3),  lettuce  (4),  and
greenhouse vegetables (5).

Major Advantages
The primary advantage is that measurements are instantaneous
and non-destructive. You can measure the same leaf repeatedly
throughout the growing season without harming the plant. This
is especially valuable in hydroponics where you might want to
monitor nitrogen status weekly or even daily during critical
growth periods.

The  correlation  between  SPAD  readings  and  leaf  nitrogen
concentration is typically very strong. In romaine lettuce
grown in soilless culture, SPAD readings showed correlation
coefficients of R² = 0.90 with nitrogen concentration and R² =
0.97 with chlorophyll content (4). Similar results have been

https://www.nature.com/articles/srep13389
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reported for greenhouse tomatoes, where R² values ranged from
0.86 to 0.94 (6).

Unlike  laboratory  analysis,  chlorophyll  meters  provide
immediate feedback. When you detect that SPAD readings are
dropping below your target range, you can adjust your nutrient
solution  that  same  day,  particularly  advantageous  in
fertigation  systems  (7).

Low-Cost Alternatives
The SPAD-502 meter typically costs $2,000-$2,600, which can be
prohibitive for small growers. Several low-cost alternatives
have been developed and validated. The atLEAF meter costs
around $200-$300 while providing equivalent performance (8).
Studies found strong correlations (R² = 0.96) between SPAD and
atLEAF meters across multiple crop species (8).

Functional chlorophyll meters can even be built from scratch
using simple electronic components for under $100. A recent
study  described  construction  using  3D-printed  hardware  and
off-the-shelf  LEDs  and  photodiodes  that  achieved  strong
correlations with both the SPAD-502 and atLEAF meters (9).

Device Cost (USD)
Wavelengths

(nm)
Key Features

SPAD-502 2,000-2,600 650, 940 Industry standard

atLEAF+ 200-300 660, 940
Data logging, SPAD

conversion

MC-100 400-600 653, 931
Larger measurement

area

Custom
Arduino

<100 650, 940 Requires assembly

The  atLEAF  meter  is  available  through  agricultural  supply
retailers, while various manufacturers offer devices in the
$100-$300 range through online platforms.
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Research in Hydroponic Crops
Chlorophyll  meters  have  been  successfully  used  to  guide
nitrogen management in various hydroponic crops. In tomato
production,  using  SPAD  readings  to  trigger  nitrogen
applications resulted in the highest yields compared to fixed-
rate applications, with improved nitrogen use efficiency (3).
Researchers  established  critical  SPAD  values  for  different
physiological stages, allowing growers to apply nitrogen only
when needed.

For lettuce grown in high tunnels with fertigation, both SPAD
and atLEAF meters accurately estimated nitrogen status, fresh
weight, and chlorophyll concentration with R² values above
0.90 (4). Research on basil with different nitrogen rates
showed  that  SPAD,  atLEAF,  and  MC-100  meters  all  provided
reliable estimates with R² values of 0.93-0.98 (10).

Important Limitations
While valuable, chlorophyll meters have limitations growers
need to understand. The relationship between SPAD readings and
actual nitrogen content can vary between species. Research on
seven crop species found that while the relationship between
SPAD and chlorophyll content was consistent, the relationship
between SPAD and leaf nitrogen varied widely (1). You cannot
use the same threshold values across different crops.

Environmental factors also affect readings:

Time  of  day:  Chloroplast  movement  can  cause  SPAD
readings  to  decrease  by  13-28%  at  midday  under  low
nitrogen conditions (1). Take readings in early morning
or maintain consistent measurement times.
Light history: Short-term changes in growth light affect
nitrogen allocation to chlorophyll (1).
Leaf position and age: Chlorophyll content varies across
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leaf positions and with age. Always measure the same
leaf position.

Chlorophyll  meters  provide  relative  rather  than  absolute
measurements. To use them effectively, you need to establish
calibration  curves  for  your  specific  crop  and  growing
conditions.

Best Practices
Establish Baseline Values: Grow plants at different nitrogen
levels  and  measure  both  SPAD  readings  and  leaf  nitrogen
concentration  via  lab  analysis.  This  establishes  your
calibration  curve.

Use Reference Strips: Maintain a section of plants receiving
optimal nitrogen. Compare readings from your bulk crop to
these reference plants. If bulk readings drop more than 5-10%
below reference, increase nitrogen delivery (7).

Standardize Protocol: Always measure the same leaf position.
For leafy greens, measure the most recently fully expanded
leaf. For tomatoes, measure leaflets on the leaf closest to
the most recent fruit cluster. Take measurements at the same
time daily, preferably early morning (5).

Take Multiple Readings: SPAD readings can vary 10-15% between
individual plants. Measure at least 20-30 plants per zone and
use the average (7).

Species-Specific  Calibration:  If  you  grow  multiple  crops,
establish separate calibration curves for each.

Crop
Optimal
Range

Action
Threshold

Measurement Location

Lettuce 35-45 <32
Youngest fully expanded

leaf

https://extensionpublications.unl.edu/assets/html/g1632/build/g1632.htm
https://link.springer.com/article/10.1007/s11119-019-09641-1
https://extensionpublications.unl.edu/assets/html/g1632/build/g1632.htm


Crop
Optimal
Range

Action
Threshold

Measurement Location

Tomato 45-55 <42
Leaflet near newest fruit

cluster

Cucumber 40-50 <37 3rd fully expanded leaf

Basil 35-45 <32 Terminal leaves
Note:  These  are  general  guidelines.  Establish  specific
thresholds for your cultivars through calibration with lab
analysis.

Conclusions
Portable chlorophyll meters represent an excellent investment
for hydroponic growers optimizing nitrogen management. Low-
cost alternatives make this technology accessible even for
hobby growers. While these devices have limitations related to
species-specific  calibration  and  environmental  factors,
following  standardized  protocols  allows  effective  use  for
management decisions.

The  key  is  understanding  that  chlorophyll  meters  provide
relative measurements. Take time to establish proper baseline
values for your crops and conditions. Once calibrated, these
devices help fine-tune nitrogen delivery, reduce fertilizer
waste,  prevent  deficiencies,  and  improve  crop  yield  and
quality.

For growers ready to adopt this technology, starting with an
atLEAF meter or similar low-cost device provides an affordable
entry point with performance comparable to expensive options.

https://www.agriculturesolutions.com/atleaf-digital-chlorophyll-meter


The  Problems  with  Brix
Analysis of Sap in Crops
Brix analysis, the measurement of soluble solids in plant sap
using a refractometer, has gained popularity as a quick field
test for assessing plant health and crop quality. The method
is appealingly simple: squeeze some sap from a leaf onto a
refractometer,  and  within  seconds  you  get  a  number  that
supposedly  tells  you  how  healthy  your  plant  is.  Many
proponents claim that plants with high brix readings are more
resistant to pests and diseases, while low readings indicate
nutritional problems. However, when we examine the scientific
literature  surrounding  brix  measurements  in  plant  sap,
particularly for agronomically important crops in hydroponic
or  soilless  systems,  we  find  that  this  technique  has
substantial  limitations  that  are  often  overlooked.

A refractometer, the most common tool to measure brix of plant
sap.
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The Appeal and the Theory
The basic premise of brix analysis is straightforward. The
refractometer measures the refractive index of a solution,
which correlates with the concentration of dissolved solids
(1). In plant sap, these dissolved solids include sugars,
amino acids, proteins, minerals, and other organic compounds.
The  theory  suggests  that  healthier  plants  with  better
nutrition  will  have  higher  sugar  content  from  improved
photosynthesis, leading to higher brix readings (2). While
this sounds reasonable, the reality is far more complex.

Problem  1:  Dramatic  Diurnal
Variation
One of the most significant issues with brix measurements is
their  extreme  variability  throughout  the  day.  Plants
accumulate sugars during photosynthesis in the light period
and  then  mobilize  these  sugars  at  night  for  growth,
respiration, and transport to sink organs. Research on mature
oak  trees  showed  that  total  leaf  sugars  increased  by  an
average of 16 mg/g dry weight during the day and returned to
baseline at night (2). This represents substantial diurnal
fluctuation that can produce 30% or more variation in brix
readings depending on time of day (3).

Studies on maize have shown that starch and soluble sugars in
leaves  follow  predictable  diurnal  patterns,  with  soluble
carbohydrates  peaking  in  the  afternoon  and  reaching  their
minimum before dawn (3). The timing of peak brix values varies
by species and growing conditions. Some plants show maximum
sugar  accumulation  at  midday,  while  others  peak  in  the
afternoon (2). This means that a brix reading taken at 10 AM
might be dramatically different from one taken at 3 PM on the
same plant, even though the plant’s nutritional status has not
changed.

https://pmc.ncbi.nlm.nih.gov/articles/PMC8951823/
https://academic.oup.com/plphys/article/183/4/1612/6118548
https://academic.oup.com/plphys/article/183/4/1612/6118548
https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-019-2068-4
https://bmcplantbiol.biomedcentral.com/articles/10.1186/s12870-019-2068-4
https://academic.oup.com/plphys/article/183/4/1612/6118548


Weather  conditions  further  complicate  matters.  Plants  have
been  observed  to  move  sugars  to  roots  in  anticipation  of
storms, sometimes days in advance, causing brix readings to
drop substantially even though the plant is not experiencing
nutritional stress. Water stress also affects readings, as
dehydration  concentrates  dissolved  solids  and  artificially
elevates brix values without indicating better plant health.

Problem 2: Spatial Variation Within
Plants
The location where you sample sap makes an enormous difference
in the reading you obtain. Research has consistently shown
large  differences  in  sugar  content  between  young  and  old
leaves, with old leaves often having substantially different
concentrations than new growth (2). In reproductive plants,
leaves near fruits typically show the lowest brix readings
because fruits have high nutritional demands and act as strong
sinks for sugars and other nutrients.

This spatial heterogeneity means that two technicians sampling
the same plant but choosing different leaves could easily
obtain  readings  that  vary  by  50-70%.  Without  strict
standardization  of  which  leaf  to  sample,  when  during  its
development,  and  from  which  position  on  the  plant,  brix
measurements  become  nearly  impossible  to  compare  across
samples or over time.

The Logistical Challenge
For  brix  analysis  to  be  useful  as  a  management  tool,  it
requires an extraordinary level of commitment and consistency.
You would need to collect samples at different locations on
each plant, within different areas of your growing system,
under different weather conditions, and critically, at exactly
the same time of day, multiple times per week (4). Because of

https://academic.oup.com/plphys/article/183/4/1612/6118548
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this  inherent  variability,  effective  use  requires  managing
trends  rather  than  individual  measurements.  Most  growers
simply do not have the bandwidth to develop the degree of
familiarity needed with brix readings for it to become a truly
reliable diagnostic tool.

What Brix Cannot Tell You
Perhaps most importantly, even if you could control for all
the temporal and spatial variation, brix readings provide very
limited actionable information. A low brix reading tells you
that soluble solids are low at that moment, but it does not
tell  you  why.  Is  it  a  nitrogen  deficiency?  Phosphorus?
Calcium? Is it a problem with root function? Temperature?
Light  intensity?  Water  relations?  The  brix  value  alone
provides no way to differentiate between these possibilities.

Additionally,  brix  measurements  tell  you  nothing  about
immobile nutrients like calcium and boron, which do not move
readily through the sap. These nutrients are critical for cell
wall formation, disease resistance, and fruit quality, yet
they remain essentially invisible to brix analysis.

A Better Alternative: Leaf Tissue
Analysis
When growers need reliable information about plant nutritional
status in hydroponic systems, leaf tissue analysis provides a
far more comprehensive and actionable alternative. Unlike brix
analysis, which measures only mobile compounds in sap at a
single  moment,  tissue  analysis  quantifies  the  total
accumulated  concentrations  of  both  mobile  and  immobile
nutrients in plant tissues (4).

Tissue  analysis  provides  specific  concentration  values  for
nitrogen, phosphorus, potassium, calcium, magnesium, sulfur,
and all essential micronutrients. These values can be compared
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against established sufficiency ranges for your specific crop,
allowing  you  to  identify  which  nutrients  are  deficient,
adequate,  or  excessive.  This  specificity  enables  targeted
corrective actions rather than guesswork.

While  tissue  analysis  does  require  sending  samples  to  a
laboratory  and  waiting  for  results,  it  provides  a  stable
measurement that is far less affected by time of day or recent
environmental  fluctuations.  Modern  labs  can  return  results
within  days,  and  the  interpretive  frameworks  for  tissue
analysis are well-established across hundreds of crop species.

Comparison Factor Brix Analysis Tissue Analysis

Time of day
sensitivity

Very high (30-70%
variation)

Low

Spatial variation
within plant

Very high Moderate

Nutrients detected
Soluble solids
only (mostly

sugars)

All essential
elements (15+)

Specificity Non-specific Element-specific

Interpretation
Difficult without

extensive
experience

Well-established
sufficiency ranges

Cost per sample Low Moderate

Actionable
information

Limited Comprehensive

Practical Recommendations
This is not to say that refractometers have no place in crop
monitoring. For specific applications like determining harvest
timing  for  fruits  or  monitoring  sugar  accumulation  in
reproductive  organs,  brix  can  be  useful.  However,  for
assessing the overall nutritional health of vegetative crops



in hydroponic systems, the limitations of sap brix analysis
are substantial.

If  you  are  serious  about  optimizing  nutrition  in  your
hydroponic operation, invest in regular tissue analysis rather
than  relying  on  brix  readings.  Sample  the  most  recently
matured leaves at consistent growth stages, submit samples to
a reputable agricultural laboratory, and use the results to
make informed adjustments to your nutrient formulation and
delivery.  This  approach  will  provide  you  with  reliable,
actionable data that can actually improve your crops, rather
than numbers that fluctuate wildly based on time of day and
sampling location.

The appeal of a quick field test is understandable, but in the
case  of  brix  analysis  for  plant  health  assessment,  the
simplicity  comes  at  the  cost  of  reliability  and  utility.
Sometimes the best tools are not the fastest ones, and when it
comes to understanding what your plants need, there is no
substitute for comprehensive analysis.


