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The environmental conditions employed in
growth chambers should be reported in detail
sufficient to allow either comparison of the re-
sults with similar experiments in other labora-
tories or effective duplication of experiments
within the same laboratory at a later date. The
following guidelines are presented to assist in-
vestigators to achieve these objectives. The
guidelines also will alert investigators to factors
of the environment that could be important in
their experiments but that they do not measure.

These guidelines were first published in 1972
(HortScience 7:239) and during the next decade
were published in many different plant science
journals and publications by various members
of the growth chamber group. They were devel-
oped initially by the American Society of Horti-
cultural Science Growth Chamber Working
Group. Now the responsibility for revisions is
assumed by the USDA North Central Regional
Committee on Controlled Environment Use and
Technology (NCR-101). The following guide-
lines were developed for the American Society
of Agricultural Engineers Environment of Plant
Structures Committee and published as ASAE
Engineering Practice 411 originally in 1982 with
a last revision in February 1992 (EP 411.2). Up-
dates are scheduled every 5 years. The follow-
ing guidelines incorporate some recent modifi-
cations and corrections not found in the 1992
revision. The following sections duplicate the
ASAE Engineering Practice 411.2 format.

Readers are directed to Section 7 for the sum-
mary of the measurement and reporting guide-
lines that are recommended in conducting and

publishing growth chamber research.
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SECTION 1:

PURPOSE AND SCOPE

1.1 The purpose of this Engineering Practice is
to set forth guidelines for the measurement
of environmental parameters that character-
ize the aerial and root environment in a
plant growth chamber.

1.2 This Engineering Practice establishes
criteria that will promote a common basis
for environmental measurements for the
research community and the commercial
plant producer.

1.3 This Engineering Practice promotes unifor-
mity and accuracy in reporting data and
results in the course of conducting plant

experiments.

SECTION 2: INTRODUCTION

2.1 The aerial environment is characterized by

the following parameters: air temperature,
atmospheric composition including mois-
ture and carbon dioxide concentration, air
velocity, radiation, and the edge effects of
wall/floor on these parameters.

2.2 The root environment is characterized by

the following parameters: medium composi-

tion and quantity, nutrient concentrations,
water content, temperature, pH, electrical

conductivity, and oxygen concentration.

2.3 Measuring and reporting these various

parameters will be covered in the sections
that follow. The definitions of the param-
eters indicate the symbol and units in the
format (symbol, units). Measurements
should be made that accurately represent
the mean and range of the environmental
parameters to which the plants are exposed
during the experimental period, to indicate
the temporal variations, both cyclic and
transient, and the spatial variations over the
separate plants in the chamber.

2.4 The definitions, measurement techniques,

and reporting procedures provide criteria and
promote uniformity in measuring and report-
ing environmental parameters, but these
guidelines should not be used to select the
environmental parameters applicable to a
particular experiment. Other parameters may
be applicable to a particular experiment or
special environments such as elemental
concentration in hydroponic solutions,
pollutant concentration in air quality research,

and spectral quality ratios in photobiology.

2.5 When measurements are made, the cham-

ber should be operating with containers and
plants located in the chamber. Provision
should be made to take all measurements
with minimum disturbance to the operating

environment.

SECTION 3: DEFINITIONS

3.1 Radiation: The emission and propagation

of electromagnetic waves or particles

through space or matter.

3.1.1 Radiant energy (Q,, ]J): The transfer of
energy of radiation.

3.1.2 Energy flow rate (¢, W): The rate of
flow of energy, a fundamental radiomet-
ric unit; also called radiant power.

3.1.3 Spectral distribution: A functional or
graphic expression of the relation be-
tween the spectral energy flux, spectral
photon flux, or fluence rate per unit
wavelength, and wavelength.

3.1.4 Spectral energy flow rate (¢, , Wnm™):
The radiant energy flow rate per unit
wavelength interval at wavelength A.

3.1.5 Energy flux (E, W-m?): The radiant
energy flow rate per unit plane (flat)
surface area; also called irradiance.

3.1.6 Spectral energy flux (E, ,, W-m?nm™):
The radiant energy flow rate per unit
plane surface per unit wavelength

interval at wavelength A.
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3.1.7 Energy fluence (F, ]- m?): The radiant
energy dose time integral per unit

spherical area.

3.1.8 Spectral energy fluence (F,,, ] m*nm™):

The energy fluence per unit wavelength
interval at wavelength A.
3.1.9 Energy fluence rate (F_, W-m?): The

radiant energy fluence per unit time. The

f

same as radiant energy flux (irradiance)
for normal incident (perpendicular)
radiation on a plane surface.

3.1.10 Spectral energy fluence rate (F_,,,
W-m?nm™): The radiant energy fluence
rate per unit wavelength interval at
wavelength A.

3.1.11 Photon (unit = q; i.e., one photon): A
quantum (the smallest, discrete particle)
of electromagnetic energy with an energy
of he/h (h = Planck’s constant; ¢ = speed of
light; A = wavelength). Its energy is
expressed in joules (J).

3.1.12 Photon flow rate (0, g's™ or mol-s™):
The rate of flow of photons.

3.1.13 Photon flux (E , gm™ s™ or mol-m* s™):
The photon flow rate per unit plane
surface area; sometimes also called photon
flux density to emphasize the unit area.

3.1.14 Spectral photon flux (E ,, gm? s™
nm’ or mol-m?*s*nm): The photon flux
per unit wavelength interval at wave-
length A.

3.1.15 Photon fluence (F,, g'm™or mol'm?):
The photon dose time integral per unit
spherical area.

3.1.16 Photon fluence rate (F

p
mol-m? s™): The photon fluence per unit

gm?s!or

time. The same as photon flux for normal
incident radiation.
3.1.17 Spectral photon fluence rate (F
gm?*s’nm* ormol'm?*s”’-nm): The
photon fluence rate per unit wavelength

interval at wavelength A.

3.1.18 Light: Visually evaluated radiant

energy, with wavelengths approximately
ranging between 380 and 780 nm, based

on the sensitivity of the human eye.

3.1.19 Illuminance (E , Ix): The luminous

flux (light incident per unit area).

NOTE: (a) Radiation instruments that
measure illuminance are not recom-
mended. They should only be used
along with recommended radiation
instruments for historical comparison.
(b) Conversion factors from illumi-
nance to radiation are spectrally
sensitive and thus unique for each

specified source.

3.1.20 Photosynthetically active radiation

(PAR, gm™®s?, mol-gm?: s, or W-m?):
The radiation in the wavelength range of
400-700 nm. Measured as the photosyn-
thetic photon flux (PPF), in quanta- m?s’,
or mol'm? s or photosynthetic irradi-
ance, (PI), in W-m?for the specified
waveband, A -A, (400-700 nm).

3.1.21 Photomorphogenic radiation (@m®s?,

mol-m?s?, or W-m?): The radiation with

wavelengths approximately ranging

between 300-800 nm contributing to

photomorphogenic responses (i.e.,

phototropism, flowering, reproduction,

elongation, dormancy) in relation to the
relative quantum efficiency of the spectral
quality of the radiation in several discrete
spectral regions. Measured as the photon
flux in average quanta-m?s’”, or in energy
flux in W-m™ for the specified waveband,

A,

NOTE: The specfic responses to photo-
morphogenic radiation must be
biologically quantified and carefully
measured for each response spectrum

(action spectrum).

3.2 Temperature: The thermal state of matter
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with reference to its tendency to transfer

heat. A measure of the mean molecular

kinetic energy of that matter.

3.2.1 Temperature, dry bulb (T, °C): The
temperature of a gas or mixture of gases
indicated by an accurate thermometer
protected from or corrected for radia-
tion effects.

3.2.2 Temperature, wet-bulb (T, °C): Wet-
bulb temperature is the temperature
indicated by a wet-bulb sensor of a
psychrometer constructed and used
according to instructions.

3.2.3 Temperature, dewpoint (T, °C): The
temperature of an air mass at which the
condensation of water vapor begins as
the temperature of the air mass is re-
duced. Also, the temperature correspond-
ing to saturation vapor pressure (100%
relative humidity) for a given air mass at
constant pressure.

3.3 Atmospheric moisture: The water vapor
component of the mixture of gases of the
atmosphere.

3.3.1 Water vapor density (P,, g-m? or Pa):
The ratio of the mass of water vapor to a
given volume of air, also called absolute
humidity. It may also be measured as
partial pressure. (Water vapor pressure).

3.3.2 Relative humidity (H , percent): The
ratio of the mol fraction of water vapor
present in the air to the mol fraction of
water vapor present in saturated air at
the same temperature and barometric
pressure. It approximates the ratio of the
partial pressure or density of the water
vapor in the air to the saturation pres-
sure or density of water vapor at the
same temperature.

3.3.3. Water vapor deficit (¢,, Pa): The

difference between saturation water

vapor pressure at ambient temperature
and actual vapor pressure at ambient
temperature.

3.4 Air velocity (V, m-s?): The time rate of air
motion along a directional vector.

3.5 Carbon dioxide concentration ([CO,],
pmol-mol™ or Pa): The carbon dioxide compo-
nent of the mixture of gases of the atmosphere.
Current expression of units of equivalent gas
concentration are pmol-mol’, parts per million
(ppm), or uL-L?, but they do not express
standard temperature and pressure, STP,
correction. Use of partial pressure, Pa, is
preferred in nonstandard atmospheres.

3.6 Watering (volume, L): The addition of
water to the substrate specified as to the
source, the times, the amount, and the
distribution method.

3.7 Substrate: The media comprising the root
environment specified as to type, amend-
ments, and its dimensions (container size).

3.8 Nutrition: The organic and inorganic
nutrient salts necessary for plant growth
and development. Formula and /or macro
and micro nutrients are specified within the
substrate as mol-m? or mol-kg*! within
liquid solution as mol-L".

3.9 Hydrogen ion concentration (pH units):
The hydrogen ion concentration measured
in the substrate or liquid media over a range
of 0 to 14 pH units.

3.10 Electrical conductivity (A_, mS-m™): The
electrical conductivity within the solid or
liquid media.

3.11 Accuracy: The extent to which the read-
ings of a measurement approach the true
values of a single measured quantity.

3.12 Precision: The ability of the instrument to
consistently reproduce a value of a mea-

sured quantity.
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SECTION 4:

INSTRUMENTATION

4.1 Radiation. Sensors should be cosine
corrected and constructed of material of
known stability, known response curve, and
low temperature sensitivity. Such relation-
ships should be specified and available for
each sensor. By definition fluence measure-
ments can only be taken with spherical
sensors and cannot be derived from mea-
surements taken with any plane-surface
sensors. The sensitivity and linearity over
the spectral response and irradiance range
should be specified by calibration or direct
transfer from a calibrated instrument.
Spectral measurements should be made
with a bandwidth of 20 nm or less in the
300-800 nm waveband.

4.2 Temperature. Sensors should be shielded
with reflective material and aspirated (= 3
ms?) for air measurements.

4.3 Atmospheric moisture. Measurement
should be made by infrared analyzer,
dewpoint sensor, or psychrometer (shielded
and aspirated at > 3 ms™).

4.4 Air velocity. Sensor should have a range of
0.1 to 5.0 ms™.

4.5 Carbon dioxide. Measurement should be
made by an infrared analyzer with a range
of 0 to 1000 pmol-mol™! or greater.

4.6 Hydrogen ion concentration. Sensor
should have a range of 3.0 to 10.0 pH units.

4.7 Electrical conductivity. Sensor should have
a range of 1 to 102 mS-m! (1-100 mho
resistance).

4.8 Expected instrument precision and mea-
surement accuracy. Table 1 gives these
percentages, which indicate full scale preci-
sion or accuracy. Further definition of these
requirements can be found in North Central
Regional 101 Committee on Growth Cham-
ber Use (1986).

Table 1. Expected Instrument Precision and Measurement Accuracy

Measurement
Parameter Instrument accuracy of
precision reading

Radiation

Flux +1% +10%

Spectral flux +1% +5%
Temperature

Air 010 +0.2°C

Soil or liquid +01°C +0.2°C
Atmospheric moisture

Relative humidity +2% +5%

Dewpoint temperature +01C +0.5°C

Water vapor density +0.1 gdm3? +0.1gm?®
Air velocity +2% +5%
Carbon dioxide 1% +3%
pH

H* concentration +0.1 pH +0.1 pH
Electrical conductivity

Salt concentration +5% +5%

SECTION 5: MEASUREMENT

TECHNIQUE

5.1 Photon and energy flux. Measurements
should be taken over the top of the plant
canopy to obtain the average, maximum,
and minimum readings, and at least at the
start and end of each study and biweekly if
studies extend beyond 14 days.

5.2 Spectral photon or energy flux. A measure-
ment should be taken at the center of the
growing area, at least at the start and end of
each study.

5.3 Air temperature. Measurements should be
made at the top of the plant canopy at least
daily, 1 h or more after each light and dark
period begins, to obtain average, maximum,
and minimum data. Continuous measure-
ments are recommended.

5.4 Soil and liquid temperatures. Measure-
ments should be made at the center of the
containers in the growing area, obtaining
average, maximum, and minimum readings
at the middle of the light and dark periods
at the start of the experiment. Continuous
measurements during the entire study are

recommended.
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5.5 Atmospheric moisture. Measurements
should be made at the top of the plant
canopy in the center of the growing area
daily, 1 h or more after each light and dark
period. Continuous measurements are
recommended.

5.6 Air velocity. Measurements should be
taken at the top of the plant canopy, at the
start and end of the studies. Obtain average,
maximum, and minimum readings over the
plants. If instantaneous devices are utilized,
10 consecutive readings should be taken at
each location and averaged.

5.7 Carbon dioxide. Measurements should be
taken at the top of the plant canopy continu-
ously during the period of the study. A time-
sharing technique that provides a periodic
measurement (at least hourly) in each
chamber can be utilized.

5.8 Watering. The quantity of water added to
each container or average per plant at each
watering should be measured. Soil moisture
should be measured to provide the range
between waterings.

5.9 Nutrition. Measurement of nutrients added
to a volume of medium or concentration of
nutrients added in liquid culture should be
obtained at each addition.

5.10 Hydrogen ion concentration. The pH of
the liquid solutions in a nutrient culture
system should be monitored daily and
before each pH adjustment. The pH of the
solution extracted from solid media should
be measured at the start and end of studies
and before and after each pH adjustment.

5.11 Electrical conductivity. Conductivity of
the liquid solutions in a nutrient culture
system should be monitored daily during the
course of each study. Conductivity of the
solution extracted from solid media should be

measured at the start and end of each study.

SECTION 6: REPORTING

6.1 Photon or energy flux. Report the average
and range over the containers at the start of
the study, and the decrease or fluctuations
from the average over the course of the study.
The source of radiation and the measuring
instrument/sensor should be reported.
[lluminance should not be reported except
for historical comparison in conjunction with
other radiation measurements.

6.2 Spectral photon or energy flux. Report the
spectral distribution (graphical) and the
integral (photon or energy flux) at the start
of the study. The source of radiation and the
measuring instruments should be reported.

6.3 Air temperature. Report the average daily
readings with extremes over the growing area
for the light and dark periods with the range
of variations over the course of the study.

6.4 Soil and liquid temperatures. Report the
average readings at the start of the study for
the light and dark periods.

6.5 Atmospheric moisture. Report the daily
average moisture level for both light and
dark periods with the range over the course
of the study.

6.6 Air velocity. Report the average and
range over containers at the start and end
of the study.

6.7 Carbon dioxide. Report the mean of hourly
average concentrations and range of average
readings over the period of the study.

6.8 Watering. Report the frequency of water-
ing, source, and amount of water added
daily to each container, and/or the range in
soil moisture content between waterings.

6.9 Substrate. Report the type of soil and
amendments, or components of soilless
substrate, and container dimensions.

6.10 Nutrition. Report the nutrients added to
solid media. Report the concentration of

nutrients in liquid additions and in liquid



culture solution along with the amount and

frequency of all additions.

6.11 Hydrogen ion concentration. Report the

6.12 Electrical conductivity. Report the average

and range in conductivity over the period of

average and range in pH over the period of

the study.

SECTION 7: SYNOPTIC TABLE

7.1 Table 2 is a synoptic table of the material presented in the previous section.

the study.

Table 2. Guidelines for Measuring and Reporting Environmental Parameters for Plant Experiments in Growth Chambers*

Measurements

Parameter Units® Where to take When to take What to report
Radiation
Photon flux, umol-ms At top of plant canopy.  Minimum measure- Average (+ extremes)
A, - A, nm, with cosine (A, - A, nm) Obtain maximum and ~ ment: at start and finish over containers at start
correction or or minimum over plant  of each study and of study. Percent
Energy flux (Irra- W-m? growing area. biweekly if studies decrease or fluctuation
diance)’, A, - A,nm (A, - A,nm) extend beyond 14d.  from average over

g | 2 1 2

with cosine correction

Spectral photon flux
A, - A,nm, in <20 nm
bandwidths with cosine
correction or

Spectral energy flux
(Spectral irradiance)
A, -, nm,in <10 nm
bandwidths with cosine
correction

Photosynthetic photon
flux, PPFF ., - X...,nm
with cosine correction or
Photosynthetic
irradiance, PIF )., - ).,
nm with cosine correction

umol-m#.s'-nm’
(A, -A,nm)
or

W-m2nm"
(A, - A, nm)

pmol-m?.g*
(A0 = Ay M)
or

W-m=

(A, -A, nm)

400~ 700

At top of plant in center
of growing area.

At top of plant canopy.
Obtain maximum and
minimum over plant
growing area.

Minimum
measuremenr: at start
and end of each study.

Minimum measure-
ment: at start and
finish of each study
and biweekly if studies
extend beyond 14 d.

Temperature

Air

Shielded and aspirated
(= 3m-s") device

Soil and liquid

°C

°C

At top of plant canopy.
Obtain maximum and
minimum over plant
growing area.

In center of container.
Obtain maximum and
minimum over plant
growing area.

Minimum measure-
ment: measure once
daily during each light
and dark period at least
1 h after light change.
Desirable: continuous
measurement.

Minimum: measure at
the middle of the light
and dark periods at the
start of the study.
Desirable: continuous
measurement.

course of the study.
Source of radiation and
instrument/sensor.

Spectral distribution of
radiation with integral
(A, - 1)) at start of
study. Source of
radiation and
instrument/sensor.

Average (+ extremes)
over containers at start
of study. Percent
decrease or fluctuation
from average over the
course of the study.
Source of radiation and
instrument/sensor.

Average of once daily
readings (or hourly
average values) for the
light and dark periods
of the study with +
extremes for the
variation over the
growing area.

Light and dark period
readings at the start of
the study (or hourly
average values of 24 h if
taken).

(continued)
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Table 2. (continued)

Measurements
Parameter Units® Where to take When to take What to report
Atmospheric Moisture  %RH, dewpoint Attop of plant canopy ~ Minimum: once during  Average of daily
Relative humidity (RH) temperature, or g-m*  in center of plant each light and dark readings for both light

with aspirated psychrom-  or growing area. period at least 1 h after and dark periods, with
eter, dewpoint hygrom- light changes. range of daily variation
eter, or IRGA or Desirable: continuous  during studies.
Vapor deficit, VPD kPa or g-m? measurement.
or vapor difference
Air Velocity m-s’ At top of plant canopy. At start and end of Average reading and
Obtain maximum and  studies. Take 10 range over containers at
minimum readings successive readings at  start and end of the
over growing area. each location and age. study.
Carbon Dioxide At top of plant canopy ~ Minimum: hourly Mean of hourly average
Mole fraction umol-mol* measurements. concentrations and
Desirable: continuous  range of average
Partial pressure Pa measurement. concentrations over the
Concentration mol-m* period of the study.
Watering liter (L) At times of water Frequency of watering.
additions. Amount of water added
and/or range in soil
moisture content
between waterings.
Substrate At beginning of studies. Type of soil and
amendments. Compo-
nents of soilless
substrate. Water
retention capacity.
Container dimensions.
Nutrition Soil media At times of nutrient Nutrients added to solid
mol-m* or mal-kg"* additions. media. Concentration of
Liquid culture nutrients in liquid
mobl additions and solution
culture, Amount and
frequency of solution
addition and renewal.
pH pH units In saturated media, Start and end of Mode and range during

extract from media or
in solution of liquid
culture.

studies in solid media.
Daily in liquid culture.
Before each pH
adjustment.

studies.

Electrical conductivity

mS-m¥(millisiemens

per meter)

In saturated media,
extract from media or
in solution of liquid.

Start and end of
studies in solid media.
Daily in liquid culture.

Average and range
during studies.

*USDA North Central Regional (NCR 101) C ittee on Ci lled Envi

Revised by NCR 101 Committes, March 1993

ported in J-rn*-s:‘ (equals W-m?)

*Report in other subdivisions of indi i units if more
= The energy flux (radiance) is also
<Referred 1o as photosynthetically active radiati

“mS-m" = 10 pmho - em™.

(PAR) for general usage.

hnology and Use, June 1978; Revised by ASAE Environment of Plant Structures Committee, Oct. 1978;
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