Too Hot to Handle!

Further Experiments on the Solar Heating of Soil in Bonsai Pots

by Brian Heltsley and John Wiessinger

Figure 1: Right, the layout of H- and
B-series pots on the evening before
measurements were taken. See text for
elaboration on pot preparation.

Bonsai artists focus much of their at-
tention on the aboveground portion
of their trees. And yet, we all know
that what lies beneath the soil surface
enables and mirrors that which hap-
pens above. In nature, trees grow in the
ground and their roots rarely experi-
ence extreme heat or rapid tempera-
ture changes. However, our bonsai,
thermally isolated in tiny pots from
the effectively infinite moderating
heat capacity of the earth, are subject
to both faster temperature changes
and higher absolute temperatures than
their natural counterparts. It is not un-
usual for bonsai pots and soils exposed
to the summer sun to reach an internal
temperature well over 100°F (38°C) in
just minutes to hours after much cooler
overnight conditions, even in northern
climates. At some point, such extreme
changes are expected to have negative
impact upon the health and vigor of the
tree. Trees with poorly developed root
masses, those recently root-pruned,
and younger specimens are especially
vulnerable, but even mature bonsai can
sustain serous damage from over-
heated roots both from drying out and
from direct root cell damage.
Bonsaiists, of course, are far from
the only people concerned about the
reaction of potted plants to exces-
sive heat. On the one hand, academic

1 8 BONSAI / The Journal of the American Bonsai Society

studies [Mathers] of “photosynthetic thermotolerance”, as

well as experience of many who grow plants, show that high
temperatures can adversely (often fatally) affect the growth
of plants during heat waves: as temperatures rise, photosyn-
thesis rises to a maximum and then rapidly falls. A lethal
thermal threshold may be reached for some tree species by
~115°F (46°C). On the other hand, there is also evidence
[Mathers; Barua] that trees can become acclimated to heat
over time via production of “Heat Shock Proteins”, dynami-



cally adjusting to prevailing conditions. A crucial distinction
from wild, nursery, or field grown plants is that bonsai have
a unique root system, artificially constrained in volume and
highly efficient (and unnatural) in its ramification. This
factlikely leads to both advantages and disadvantages in

its photosynthetic thermotolerance, meaning that experi-
ence within our community may lead to as much insight as
academic studies.

Because safeguarding the health of bonsai is generally con-
sidered as the top priority of artists and hobbyists, as it should
be, it is not surprising that the consistent rise in global tem-
peratures over the past decades and consequently longer and
more intense heat waves, even in early spring, has caught our
attention. Many of us wonder how we can act to protect our
trees in small pots during such periods. Several ABS articles
have addressed this question over the past year or so. Ross

Figure 2: Left, closeup photographs of
pots HI-H9. See text for elaboration
on pot preparation.

Clark [Clark] argued that the safest
strategy is to (somehow) keep soil tem-
peratures below 80°F (27°C) because
they rarely do so for trees in the natural
environment. Ronald E. Fraley [Fraley]
systematically studied the effect of pot
color and white cotton t-shirt wrappings
(that covered pot sides and soil surface)
on bonsai soil temperature, finding

that the complete t-shirt cover reduced
soil temperatures by about 5°F (3°C)
relative to uncovered pots, and that

soil in uncovered pots gets hottest for
blue-glazed, next hottest for white- and
green-glazed, and coolest for unglazed
and black-glazed pots. Edward Stanton
[Stanton] performed experiments show-
ing that using white cotton t-shirt covers
over only the pot sides tended to reduce soil temperatures by a
few degrees.

As our environment warms, bonsai artists need to be ever
more aware of the need to keep bonsai pot temperatures be-
low stressful levels. There is no “one size fits all” solution to
this problem but each artist can select which practice works
best for them. It’s one thing to know about heat stress for
our bonsai but more importantly, we need to know how to
avoid it. We're not the first to have looked at this but we have
experimented with an assortment of practical techniques
to see what does and does not accomplish our objective. We
should also remember that for most of the growing season,
having warmer soil is advantageous, improving the photo-
synthetic efficiency.

Let us first acknowledge two strategies for keeping trees
cool during intense heat spells that most of us will recognize
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Figure 3: Above, the
layout of S-Series pots
on the evening before
measurements were

as obvious: moving bonsai to a more
shaded location, erection of screens

above them, or frequent watering
taken. See text for
elaboration on pot
preparation.

on a hot day. Read on if, for practical
reasons, you cannot easily implement
these strategies. Probably many of us
fall into this category.

Background
How we approached our experiments
is informed by physics and common
sense. Sunlight is the source of the
energy that heats the tree, both direct
exposure and through its heating of
the air and surfaces that come into
contact with the pot. Sunlight reach-
ing the earth’s surface gets filtered by
the atmosphere, resulting in more than
half of the solar energy reaching the
surface being in the infrared portion
of the electromagnetic spectrum (at
shorter wavelengths and higher fre-
quencies than the human eye can see).
So, for example, depending in detail
on the type of pigments used, a surface
that appears “black” to the eye might
reflect more infrared than one more
lightly colored and therefore heat up
less quickly.

Heat capacity and thermal conduc-
tivity also play an important role in the
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heating of root mass. Heat capacity is the amount of energy
that an object, say, a pot, can absorb per unit of temperature
rise. So, for example, a ceramic pot with twice the wall thick-
ness of another identically sized pot (i.e., the same shape but
double the mass), will heat up and cool down much more
slowly than its thinner counterpart. Thermal conductivity
is the ability of a material to transmit heat from one sur-
face throughout the adjacent material. Water has a higher
thermal conductivity than air. Ceramic has a higher thermal
conductivity than plastic. A thin, light Styrofoam cup may
keep the coffee hotter than a much heavier ceramic mug
because the ceramic has a much higher thermal conductiv-
ity and heat capacity than the foam; this is why ceramic
cups and mugs have handles and foam cups do not - the
heat travels through the ceramic quickly and can burn your
hands faster than the foam cup (but reaches the handle more
slowly). Both concepts come into play when considering heat
transfer through a pot to the wet soil inside it, and similar
cooling of an object when the source of heating goes away.

Another important factor is that some bonsai pots will
have more soil surface exposed to sunlight than pot surface,
so that the ability of the pot itself to absorb and re-emit heat
is secondary to that of the soil surface. Illumination will
also vary with the angle of sunlight: it will tend to affect the
soil surface more at midday, but near sunrise and sunset the
pot will absorb more light than the soil surface. Intensity of
sunlight is also greater at midday (because it passes through
much less atmosphere than near sunrise and sunset).

Both the pot and soil share two mechanisms to cool down:
radiation and convection. The solar radiation across the
spectrum that is absorbed into a material is then slowly re-



emitted, but mostly in the infra-red (i.e., not visible) portion
of the spectrum. Convection is another cooling process,
occurring via the heating and rising of air in thermal contact
with soil and pot. Unlike the pot, wet soil has a third active
cooling mechanism: evaporation of water from it. Water
increases both the heat capacity of the soil and its thermal
conductivity, while also offering evaporation as a faster
cooling mechanism compared to convection. (Yet another
reason for keeping soil moist.)
So, in light of the above considerations, one might surmise
that
« shaded pots heat up more slowly than those in direct sun
« water-saturated soil will heat up more slowly than dry
soil
« pot color is a perhaps not the main factor in pot heat-
ing, important since most bonsaiists select pot color for
aesthetic reasons alone
« asuccessful strategy for limiting soil temperature rise
will be one that does not inhibit heat loss via convection
or evaporation
o thinner ceramic pots heat up faster than thicker ones
o ceramic pots should heat up faster than plastic ones
« inhibiting convection and evaporation from the soil
surface may act to trap heating from the sides of the pot,
especially for a taller pot with smaller soil surface
« soil heating could be quite different in a shallow pot
compared to a taller one

Our experiments were designed to at least partially ad-
dress these conjectures.

Hypothesis

Using various techniques to shield the soil from direct solar
heat can reduce large temperature spikes an otherwise un-
protected pot may experience. Some materials are expected
to be more effective than others, as well as more practical to
use. Effectiveness may depend on how each method allows
the soil to cool via evaporation, convection, and radiation.

Figure 4: Left,
closeup showing
use of the digital
thermometer meas-
uring the temper-
ature of the soil
near the center bot-
tom of pot H4,
92.5°F.

Materials

« Aselection of pots (see below)

« Bonsai soil (50% lava, 30% akadama, 10% Growstone
GS-2 10% Biochar; all except biochar screened to be
between 2 and 6 mm (1/8 - %4 ”) in grain size)

« 1 Thomas Scientific H-B DURAC B60900-1400 Water
Resistant Electronic Digital Thermometer; -50 to
200°C (-58 to 392°F), 125mm Probe; pre-calibrated at
32°and 212°F, 0.1°F resolution, 1°F absolute calibration

« Various materials used to (ideally) protect pots from
sun’s rays

o Aluminum foil only on pot sides, snug to pot

o Aluminum foil on pot sides and soil surface,
snugly wrapped

o Foil-coated insulation on pot side(s), loosely
wrapped

o Foil-coated insulation on pot sides

o White cotton cloth (t-shirt material) wrapping
pot and surface

o Dead sphagnum moss covering surface

o Growstone GS-2 as a top dressing

Growstone GS-2 is a white, granular, and porous manufactured
horticultural additive made from recycled glass that holds both water
and air well after saturation. Grain sizes range from 4-9 mm (about

1/8-5/8").
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Experimental procedure

Data were acquired on two sunny, hot days, on Aug. 28,2018
from two series of pots, “H” and “B”, and on September S,
2018 on the “S” series, all filled with identical soil, in various
conditions. All pots except Bl had been thoroughly flooded
with water the previous evening, were not watered again,
and allowed to acclimate in their final locations overnight.

The H series consisted of nine identical unglazed hexago-
nal clay pots about 4” tall and 4” across, as shown in Fig-
ures 1 and 2:
« H1 was placed in the shade (“Shade”)
« H2 was placed in the sun and left bare (“Bare”)
« H3 was surrounded with foil-covered duct insulation on
the pot sides only (“Duct Ins”)
« H4 was wrapped in aluminum foil, shiny side out, on the
pot sides only (“Foil”)
« HS was covered with white cotton t-shirt material on
the soil surface and sides of the pot (“T-Shirt”)
« H6 was bare but had its soil surface surface covered with
a thin layer of Growstone GS-2 (“GS2”)
« H7 was bare but had a small piece of wood shading the
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south side of the pot (“Wood”)

« HB8 was placed inside a wider but shallower pot filled
with the same soil (“PiP-Gen”)

« H9 was placed inside a wider but shallower pot filled
with Growstone GS-2 (“PiP-GS2”)

We refer to H8 and H9 as “Pot-in-Pot” scenarios (PiP).
Soil temperatures were taken manually for the H and B pots
at sixrecording times between 9:00 AM and 5:00 PM, ap-
proximately every 90 minutes. Six measurements were taken
at each recording time along the north-south midline, three
at 1” of depth into the soil and three at 4” depth (bottom of
pot): one was always taken on the south (sunny) side adja-
cent to the pot wall, one in the center, and one on the north
side adjacent to the other wall of the pot.

The B-series consisted of five 6” by 4” by 2” deep pots, as
shown in Figure 1:
« B1 was black plastic and left bare and not watered the
previous evening (or ever)
« B2 was black plastic and like most of the others, flooded
the previous evening
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« B3 was black plastic and covered with a thin layer of
(dead) sphagnum moss
« B4 was thick, blue ceramic

« BS was thin, green ceramic

Three measurements were taken in each B-series pot at
each recording time, all along the north-south midline and
at2” depth (pot bottom), on the south, center, and north
midpoints.

On September 5, 2018, some follow-up measurements
were take on four black plastic 6” by 4” by 2” deep pots as
shown in Figure 3:

o S1 wasbare

« S2 was covered with (dead) sphagnum moss

« S3 was covered with white cotton t-shirt cloth

o S4 was bare but the top surface of soil was covered with

Growstone GS-2

Three measurements were taken in
each S-series pot at each of just two
recording times, at 9:00 AM and 3:00
PM (near peak temperature), all at
2” depth (pot bottom), on the south,
center, and north midpoints.

The thermometer responded
relatively quickly, taking about one
second per degree Farenheit change to
stabilize; so each individual tempera-
ture measurement took 5-40 seconds
(longer for higher temperatures
because the thermometer had previ-
ously regressed toward the ambient air
level). At each recording time, the air
temperature was taken with the same

probe as the soil measurements. The
general weather condition was also

BONSAI / The Journal of the American Bonsai Society

23



100

S-Series

Y Bare

95 .
w 7. " T-Shirt
[ .,
g p o ene®?®
5 a0 e ‘ a® =
& R Air
™ £
g- set® oot * ,y
e .,
Figure 7: Right, for each S-Series pot, the average E 85 P - >
of the three soil temperatures measured at each of : .- 7
two recording time over the course of a day, con- o l :
nected by straight lines (or dots, or dashes) to w ,

guide the eye. The key temperatures to examine

are those depicted by thick, heavy lines (labeled

by the text of similar color as the corresponding 7”7

line) with yellow background: Air, T-Shirt, and ,
Bare. The other two pot strategies did not effect-
ively hold down temperature rises.

noted, which was usually sunny with some wisps of clouds. A
typical reading in the pot center is shown in Figure 4.

Results

Representative results are shown in Figures 5-7. In these
plots the average of all six (for the H-series) or three (for the
B- and S-series) temperatures at each recording time are
plotted vs. time of day, along with the ambient air tempera-
ture. The key observations are that: (i) ambient air tempera-
tures reached the high 80’s or more, (ii) unshielded bare
pots’ soil in the sun reached about 95°F, 10°F or so higher
than air temperature, (iii) none of the shielding strategies
helped much except the T-Shirt, which reduced the soil
temperature by about 5°F, (iv) the soil in the pot in the shade
remained cooler by another ~10°F below that of the T-Shirt
pot, and (v) the unwatered Dry pot’s soil reached 113°F,
about 15°F warmer than the Bare, watered pot, and about
25°F warmer than the air temperature.
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Detailed Inferences
Below appear pairs of statements, the first of which, in each
case, in boldface, is a factual characterization of the ex-
perimental results, and the second of which, in italics, is the
primary inference that we draw from it.
1. For the H- and B-Series, ambient air temperature
increased from 78°F at 9:00 AM to a high of 88°F
by mid-afternoon and only dropped slightly by
5:00 PM. A drop in air temperature lags the weakening of
the heat source (sunlight) due to air’s inherent heat capacity
(largely due to its water content).
2.Soilin a pot in the shade watered the night before
consistently remained 5-10°F cooler than the ambi-
ent air temperature all day long, with the gap widen-
ing over the course of the day. Evaporative cooling from
the top soil surface plays a significant role for bonsai soil
temperature, raising the stakes for keeping an “open” soil
mix beyond just good drainage out the bottom of the pot.
3.The soil in the hexagonal pot covered in a white
cotton t-shirt remained cooler than that of all of its
peers in full sun, but still was 5-10°F warmer than
soil in full shade. The cotton blocks a fraction of the sun-



light, consistently over the surface and sides of the pot, yet
appears not to impede convective, evaporative, or radiative
cooling.

4.None of the non-t-shirt strategies kept soil tempera-
tures more than 1-2°F cooler than the bare pot. The
combination of top and side heating overcame attempts to
thwart the sun’s power.

S.The completely dry soil in a rectangular pot heated
up more quickly as the sun rose in the sky, and
cooled off more quickly as the sun dropped, com-
pared to its watered counterpart, reaching tempera-
tures more than 5-10°F higher. The lower heat capac-
ity of dry soil causes its temperature to rise more quickly
than wet soil because there is less mass to absorb the same
amount of energy; it also lacks evaporative cooling.

6.Soil temperature in a thin, ceramic, shallow, and
rectangular pot warms to about 5°F higher tempera-
ture than both its thick ceramic and plastic counter-
parts. A thin ceramic pot has lower heat capacity than its
thicker ceramic partner, and higher thermal conductivity
than plastic pots, both allowing it to transfer the sun’s en-
ergy to the soil more quickly.

7. A shallow rectangular pot covered with a top dress-
ing of initially moist dead moss warmed up to about
1-2°F higher temperature than its bare counterpart.
The insulating nature of the moss suppressed convective
and/or evaporative heat loss from the soil more than the
moss shielded it from direct sunlight or its initial moisture
allowed evaporative cooling to occur.

8.The hexagonal pot with a top dressing of Growstone
GS-2 remained several degrees warmer than its
peers. Despite its whitish gray color (which should make
it reflect away more visible light than other non-white
surfaces), the low density of Growstone GS-2,and porous
structure (which reduces its thermal conductivity), sup-
presses the cooling mechanisms of the soil, so that retention
of heat entering from the pot sides dominates the tempera-
ture profile.

9. Temperature difference between soil on the sunny

and shady edges of the pots were larger for plastic than

for clay or ceramic. Plastic has lower thermal conductivity
than clay and ceramic materials, therefore transmitting heat
through the pot material itself (from sunny to shady sides)

less efficiently; in comparison, clay and ceramic pots transmit

heat to all portions of the pot more efficiently and quickly.

Summary

‘We measured bonsai soil temperatures for pots in and out
of sunlight on two hot summer days; some of the pots were
covered or shielded in hopes of preventing excess tempera-
ture buildup. We had watered all but one pot the evening
prior to the first day of data acquisition, allowed them to
stabilize to the same temperature overnight, and watched
temperatures over the following day. The actionable conclu-
sion is that, in order to reduce soil overheating on an excep-
tionally hot day, if one cannot move a bonsai temporarily to
the shade and/or water it during the day, the most effective
strategy is to wrap the pot and soil surface in white, cotton t-
shirt cloth. There is also evidence that top dressings can trap
heat in the soil, and that heavier pots transfer heat to and
from the soil more slowly than thinner pots.
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