ADJUSTING TO THE WORLD:
HOW PLANTS SURVIVE AND PROSPER
A Resurrection of the 1986 Ph.D. Thesis of Dr. Stanley Rice
University of lllinois at Urban&hampaign

This document is a translation of my 19&86.D. dissertation from scientific jargonese
into plan English. As such it is an attempt to rescue this work from near oblivion. It is nearly
impossible to find my thesis through search engined ¢ a n 6 tWhernv eompleted ihimd i t
1987, theses were available only as copies from the universitidgdh they were piled up.
Some old theses have been uploaded to the Web, but if mine is one of them, | am unaware of it. |
wrote it at a time when maifname computer terminals were just becoming available for word
processing sometime between Volkswriter dWordPerfect. Drafts of the work were printed
on green folded computer paper. | took it with me to my first job in 1987 on big computer tapes
that used software evénenbecoming obsolete.uBlishedpapers came from chapters 1 and 2
(of four) of the theis, and thananuscriptsvere printed on a daisyheel printer using a program
known as PFS:Write. Somehow amidst this technological confusion, electronic files were lost.
drew dl thefigureslovingly by hand, using drafting pens and +ofth Zipatone leters. There
were no computebased image files when | started; Cricket Graph became available a little after
| finished.

And since Inow have to rewrite the whokllesisinto a word processor, why not translate
it? My ability to write in a clear and intesting fashion has increased dramatically since | wrote
the nearly impenetrable prose of my thekrever was very interested in writing for scientists.
My passion, even as | worked on my thesis, was to share my understanding of the world with
students ad with citizens in general. The titles of my four books give you an idea of what | want
to say:

e Encyclopedia of Evolution

e Green Planet: How Plants Keep the Earth Alive

o Life of Earth: Portrait of a Beautiful, Middlaged, Stresse@®ut World
e Encyclopedia bBiodiversity

The thesis began, AThe hypothesis is testedéo
thing. Passive voice is used. Emotion is mugedl reread my thesis for the first time in nearly
thirty years, | found the alternate use of cofie beer to be helpful.
The thesis, as do all theses, contained a nearly exhaustive literature review, as things
stood in 1987. | here make no attempt to update this review, nor do | cite the literature that | cited
in the thesis. As for the latter, noboagnts to read an almost thiygarold literature review;
as for the former, it is impossible. Back in 1987, | went to the library to look at every journal |
could. The University of lllinois biology library even had such obscure journals &otltik
African Journal of Botanyobscure to us, not to the South Africans). Today, you can use online



scholarly search engines. Or, easier yet, just use Google Scholar. Accordingly, my reference lists
are actually AFor Further iRhisercalwogke f or t hose

Another thing that | can do this time around, which | could not do in my original thesis, is
to use photos. Theses were (and perhaps still are) starkly dispassionate; photographs were not
permitted unless they conveyed essential midron. But this time | can include photographs,
including color photos of the experiments and field sites.

This also explains something about what | have always been interested in: the Big
Picture. In retrospect, | might have been better off studying smnall seHcontained system
rather than trying to understand the whole wohidd as a matter of fact, the only portions of
this thesis that were ever published were the limited, focused chapters in which | developed ways
of quantifying what | called pmetypic flexibility using just one (amazing) species of plant.

The original title was AEnvironment al Var i
Obviously | could not deliver on that title, but | learned a lot by taking a few steps into this topic.
Here is the idea: The way plants survive and prosper (I did not study reproduction, the basis of
evolutionary success) is by adjusting to the variability in their habitats. So far, | have only stated
the obvious. But | meant something more: | meant tlzattp that live in highly variable habitats
are able to adjust to that variabilityorethan plants that live in less variable habitats. This was a
testable prediction, though | used only a total of twelve species of plants from a total of three
habitat tyes.In doing this research, as will be explained in the chapters themselves, | had to deal
with immense difficulties of external and construct validity, even though at the time | had only a
vague idea about what these were. This topic also relates tgieablsuccession (e.g., a farm
going back into forest), as | believed that environmental variability declined as succession
proceeded.

| did this thesis work at the University of lllinois at Urba@hampaign under the
oversight of the late Fakhri A. Baaz, who completed his career at Harvard. And while to most
thesis advisors, my topic would have been considered intolerably vague, it actually fit right into
Fakhri s approach to science. He wantd&d to un
including how that world was changing as a result of global wardningm every aspect. So, at
one and the same time in our lab, there were some grad students working on genetics, some on
pollination, some on plant reproduction, some on ecological successiomd.daick on it, | see
that our lab was an unusually creative place. Fakhri let us choose what we were interested in.
There was no single topic on which Fakhri was a world expert, but he was supreme in his ability
to bring them all together.



Fakhri A. Bazzaz, about 1986.

How doorganismsadjust to their variable environments? Over the very short term,
animals have lots of ways of doing so. They can go sit in the shade or perspire if they get too hot.
Over a slightly longer term, they can made reveesitaljustments to their physiology, for
example by producing more rétbod cells at higher elevation. (This process is called
acclimationin response to one environmental factor such as oxygen availability and
acclimatizationin response to their whole @mnments. use the ternacclimationfor both) In
addition to acclimation, animatan develop differentlpver a longer period of time an
irreversible manner. Humans that grow up at high elevations grow bigger lungs. Once you are an
adult, you cannagrow bigger lungs or smaller ones. (This process is cplisticity) These
processes may involve changes in gene expression, but do not involve genetic change. From one
generation to the next, populations of animals can evolve.

Plants can do most oféle things as well, although they are rooted to the spot and cannot
go hide in the shade if they get too Hetom one generation to another, though, they can run
away, so to speak. Their seeds can disperse to new locations, or can remain dormanit in the so
until favorable conditions return. Dispersal to new locations is how plants have primarily
adjusted to the coming and going of ice ages, and dormancy is the way that weeds can wait until



the sunny, open conditions that they require return after woaahysphave grown up in thei
erstwhile operfield habitat.

Plantshave what could be called behavior, as well. They ltiaie own version of
perspiration: they can cool their leaves by allowing water to evaporate (a process called
transpiration). Some plats raise their leaves up during the day and lower them at night. Most
plants open their porg¢stomata)n the day and close them at nigRtants also have acclimation
and plasticityThey can, over short periods of time, adjust their gene expressi@xdample, if
another plant grows over them and shades them, they may produce more chlorophyll in their
leaves. That is, they can acclimate. They can also adjust how much their leaves, stems, and roots
grow relative to one another over their lifetimes. Antlin the shade may produce more leaf
area and less root mass than a plant out in the sun. That is, they have plasticity. And, of course,
plant populations can evolve.

Plants can also respond to variability in the environment in a way that animals cannot.
This is by clonal growth. If you see a field of goldenrods, it may look like hundreds of plants, but
it may be only two or three geneticalliystinct plantgenets)The original two or three plants
grew and then sent underground stems throughout trearréer of the field. New plants
(ramets)then sprouted from these underground runners (knowmzsmne$. Eventually these
ramets are all physiologically separate individuals that acclimate and have plasticity on their
own. But at first, anew littlerahe r emai ns connected to its fimot/l
umbilicuslike rhizome. If a new ramet finds itself in an unfavorable spot (which often happens
because plants cannot generally decide where to go), the parent plant can feed it until it is big
enough tdend for itself. Evidence that this occurs can be obtained from using radioactive
tracers, which demonstrate that sap can flow from one ramet to another. Some of the early work
on this concept was done by David Hartnett, another graduate student iro Fakiwhen bwas
there, and by Bernhard Schmid, who was a postdoc in the lab at about the same time. The point
is that the ramets, instead of being separately blasted by environmental conditions, can share
their resources and dampen down the variabifityhysiological responses, whether these
responses are symptoms of stress or are acclimatory or plastic responses.

| wanted a term that encompassed both acclimation and plasticity, but did not include
evolution. So | made up the tehenotypic flexibilityPhenotypic means the individual and its
physiological processes, as opposed to genotypic, which refers to its genes. At the time, no one
(except maybe great minds like Carl Woese and Lynn Margulis) even imagined that differences
in gene expression coule transmitted from one generation to another, just like the genes
themselves. But we now recognegigenetiadjustments, sort of halfway between phenotypic
and genetic adjustmen#n organism can inherit an inactivated version of a gene from its
parens. The gene is there, but might as well notthe. 2 0 1 4 , Svante Paabods r
indicated that many of the differences between humans and Neandertals were epigenetic, not
genetic.



In science, we like to define our terms very specifically. But thex®one word that
scientists used to mean lots of different thiragfaptation.This term could mean evolutionary
adaptation; it could mean plasticity; it could mean acclimation; it could even mean rrtoment
moment physiological adjustments, which is teese in which the term is often used in medical
research (your body adapts to insufficient oxygen by breathing more). Even the evolutionary use
of the word could be misleading. Natural selection may favor a certain set of genes (true
adaptation), or genetichanges could occur because they were structurally unavoidable or
because they got swept along with the genes that were being selected (a process scientists such as
Stephen Jay Gould and Niles Eldredge catbeaptation. The use of a term with so many
meanings bothered me, and | wanted to write about it. | finally did, many years later. In the entry
on fnadapt &ncyclopedia of Enolutiog,explain thesixteenpossible meanings of the
word. Any word with sixteen meanings is problematic. At |8agtbility wasa little less vague.

Plants, in contrast to most animals, are modular. The three organs of plants are leaves,
stems, and roots. (Flowers and cones are modified stBtaaty grow by adding new organs:
new stems, new leaves on each stezw roots). Animals do not do this. An animal grows
because all of its organs increase in size. And when an animal adjusts to its environment, its
existing organs adjust. In plants, however, the distinction between plasticity and acclimation is
less clearlf the environment changes, a plant may alter the structure of its new leaves but cannot
alter the structure of its old leaves. The plant as a whole acclimates, but it does so by means of
the plasticity of its interconnected leaf, stem, or root modules.

The fact that plants have plasticity and acclimation is now old knowledge. But back in
1987, it hadbnly been a couple of decad®sce scientists such as Olle Bjorkman demonstrated
that plants could, in fact, adjust their photosynthetic characteristibs environments (e.g. sun
and shade) in which they lived. A modern thesis advisor would respond to my idea by saying,
ASure, plants adjust; what el se is new?o

A major idea behind everyoneds research in
that orgarsms have limits. A plant can only photosynthesize so much, and an animal can only
eat so much. To do more of one thing means to do less of another. This is especially true in the
wild world of nature, where neither plants nor animals ever take vacatiuess those
vacations are (like hibernation) themselves ways of adjusting to their environments. It seemed to
me that phenotypic flexibility must come at a cost, and that plants that live in less variable
environments should invest fewer of their resosiiiogo flexibility than do plants that live in
highly variable environments, in which such investment is necestargs{menis, in fact, an
economic term that botanists use regarding what a plant does with its resallmcasipnis
another such termfllocation is what a plant does with its resources to survive right now;
investment is what a plant does with its resources in preparation for the fAnadhat is why,
when | used the terphenotypic flexibility] meant not onlkoyltetithe pl ant 0s
phenotype, but also tlggowth advantagéhat results from this ability.



So there it is: plants that live in highly variable environments have more flexibility than
plants that live in less variable environments. That is the (just barelgdlesypothesis of my
thesis.

From there it starts to get complicated. The first problem | had to address was, how do
you measure phenotypic flexibilRyrhe second was, how do you quantify the growth advantage
that may result from it? Those were chapteend 2 of the thesis.
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CHAPTER 1
HOW DO YOU MEASUREPHENOTYPIC FLEXIBILITY?

This chapter is about how to quantify plasticity and acclimation in plants. You can see
themhappen, but how do you assign a numbehém?

Phenotypic plasticity is usually quantified by raisanget of plants in ange of
environmental conditiondJsing a statistical method known as #malysis of variancer
ANOVA, the total variation in plant traits can be divided up into genetic and environmental
components, and the interaction between thEms is a tweway ANOVA, which is extremely
difficult to do by hand and calculator. It involves complex matrix algebra. Computers can,
however, doiteasily. TheAlSS | nst i t ut e h aGl Mbe V(e loop egde nfieR RO C
models)and it was available to emat a computer terminal in our lab. Had | done my work ten
years earlier, it might have been me tearing my hair out over a calcthatiyryears earlier, a
slide rule. Or an abacus; they still used the abacus (cletar) in Japan for commercial
transactions in the 1970s. Today, the entire analysis can be done on a personal or laptop
computerThe environmental component of plant growth responses across a range of conditions
is thenorm of reactiorand can be considered a measurement of plasticity.

As an example of the analysis of a norm of reaction, consider plants grewange of
light conditions Fants that grow in bright light might have smaller leaves than plants grown in
the shade. The amount of variation in leaf size that is directlydadusdifferences in light (the
environmental or E component) can be considered phenotypic plasticity. But if (as is usually the
case) the plants are genetically different from one another, there is also a genetic component:
some genotypes may produce derdkeaves than others. This is the genetic or G component.
Finally, some of the genotypes may respond to bright light vs. shade in different ways: one
genotype might greatly adjust its leaf size, another not so much. This is the interactisricor G
compment.Whether you use just the E component, and/or theEGomponent, or even (as in
at least on@ape) the leftover unexplained variation as weal, a measure of plasticityepends
on what you want to know.

For ease of calculation, | used just twghli levels. | was therefore able to express
phenotypic plasticity and acclimation as a simple, unitless ratio of the trait in bright light divided
by the trait in low lightor viseversa My range of conditions was theretgduced to just two
conditions.l did not use identified genotypes mg work, therefore my G and GE
components were mixed in with the unexplained variation.

To study plasticity, | raised plants in bright light vs. shade. To study acclimation, | raised
plants in one light conditioand transferred them to another. The resulting four treatments were:

H: Plants that spent their whole lives in high light;
HL: Plants transferred from high light to low light;
LH: Plants transferred from low light to high light;
L: Plants that spent thenhole lives in low light.



You cannot quantify phenotypic flexibility by just measuring something that happens as
organisms develop in or respond to different conditions. Think about it. Just because the
organism changes does not mean it is adjustimgight be suffering. One example is the use of
weight as a measure of an animal 6s adjust ment
of weight, above or below which it suffers. Neitesting awayor obesity can be considered
adjustments to calitions. This is a problem ofonstruct validity:weight is not a valid way of
measuring healtf{Orisit? Bei ng temporarily overweight migh
up food for the future by eating as much as possible during the brief periodhetfeond is
available. This is the standard explanation for why modern humans become obese. Cavemen put
on fatduring times of feastinghen lived off of the fat durgntimes of famine. But today, with
food so readily available to most people, our bodoedicue to crave food, thus preparing for a
famine that never comes. And when an animal begins to starve, it uses up its bodily resources in
the reverse order of their importance: first the fat reserves; next the muscles; last of all the brain.
This meanghat the sequence of events in starvation is adaptive.

The same is true for plants. Plant responses may be plasticity and acclimation, or they
may be stress. This is especially important for LH plants: a sudden transfer from shade into full
sunlight can rake the leaves overheat and get thirsty, since the stem has developed so as to
supply them with just the amount of water they needed in the shade; and the bright light can
s ol a e leaves,@ctually damaging the photosynthetic machinery, as oppaseidetctly
causing the leaves to overheat. All | could do to compensate for this was to use conditions that
were not extreme enough to cause any of the easitygnized symptoms of stre¢&s a matter
of fact, the LH plants were phenomenally healthyy@swill see.)HL plants might be unhappy
as well if they had a lot of tissue that was useful for transporting a lot of water that they no
longer needed or absorbing a lot of light that is no longer available. Some of this tissue, now
superfluouscan beexpensive to maintain.

And sometimes stress and plasticity or acclimation may result in the same phenotypic
differences or changes. If a plant experiences drought, it has less water pressure to expand its
new leaves. This is stress. But the smaller lebbsssless water. This is acclimation. Sometimes
the problem is the solution.

Generally speaking, some traits of a plant or animal need to remain th& Haanhes,
they have to be kept imomeostasisVater content of leaves is a good example. It is stre&sf
a plant to lose too much water through its leaves. Plasticity and acclimation of some traits can
allow homeostasis of others. If, in response to water loss, a plant grows more roots, these extra
roots can supply more water to the leaves, helpimgaimtain leaf homeostasis of water content.
Root plasticity contributes to leaf water homeostasis. Although | did not recognize it at the time,
| intuitively chose to measure plastic traits rather than those traits that needed to be kept in
homeostasis.



Thisalsomeans that you cannot measure an ani mal
measuring something about it. Sure, people who grow up at high elevations have bigger lungs,
but this is relative to their body size. Big people have bigger lungs just bébaysee big. The
same thing applies to plants. Sure, plants that live in dry soil have a bigger root system (which
increases their chances of finding water), but this is relative to their body size. Big plants have
bigger root systems just becausetheyea bi g. So you cand6t just wei ¢
measure of its phenotypic flexibility in response to soil moisture. And thus is born the science of
allometryYou study an organismés adjustment to its
resporses relative to its body weiglt.1 | omet ry comes from the Greek
same, 0 meaning to use otirt@dscase wmaghtbasi s f or comp
As hard as it may be to believe, | wrote a whole chapter atlontetry without once
usingthewod (a problem I here rectify). Thatos be
the excuse that botanist Karl Niklas had not yet wristérmokabout it; the concept was already
well established. Apparently, neither my advisor nor my committee selerkedw about it
either. They never once said, as | recall, AS
aught | knew to the c o mhsisalwaysa dangedousithing te thinke d t h
It would be like saying that the Unitétations invented the concept of peace.
Specifically, what this means for plants is the following incomplete list:

¢ Instead of root weight, you quantify theot weight relative to the plant weight [RWR];

e Instead of stem weight, you quantify the stem weiglztive to the plant weight [RSR];

¢ Instead of leaf weight, you quantify the leaf weight relative to the plant weight [LWR];

¢ |Instead of leaf area, you quantify the leaf area relative to the plant weight [LAR];

e Instead of measuring plant growth in, saygrgs per day, you quantify the increase in
plant weight relative to its weight on that day [RGR].

These are root weight ratio; stem weight ratio; leaf weight ratio; leaf area ratio; and relative
growth rate. The first three ratios are unitless percentaga®portions. The fourth is area per
weight, e.g. mg per cThe fifth is the unitless proportion of increase per day (e.g. g per g per
day, which comes out day.

It is particularly important to express plant adjustments relative to their weigtg,soor
than for, say, mammals and birds. Mammals have a constant body temperature and expend a lot
of calories to keep it so. But plants grow faster when conditions are good (warm; moist; sunny;
high soil nutrient levels; all in moderation) than when theylad. A poor kid who eats half as
much food as a rich kid does not develop twice as slowly. A little bit more slowly, e.g. delayed
onset of puberty, but not twice as slowly. Animals also have relativelydegtied life spans.

Some plants do too, such annual plants that live only for a year from seed to seed. But our
ability to produce bonsai animals is very limited, in contrast to bonsai plants. Bristlecone pines
grow extremely slowly in the Inyo Mountains of California, where they experience ¢pld, d
conditions in poor soil. Some of them are over four thousand yeafs@khimal could do this.



Under good conditions, therefore, a plant grows as if the movie of its life were speeded up like a
Keystone Copflicker, relative to bad conditiontn mary cases, a plant that lives only one year
may finish up its life more quickly under high resource conditions, or a plant that usually lives
for two years may finish up its life in just one, as if it were sayling fast, die young.
And this was an impant insight from myirst chapter. If you want to compare plants in
different conditions, you cannot just compare their charactedsgeen ifadjustedor plant
weightas described aboeat t he same ti me. Hereb6s whtg. As &
and stems, but it drops its old leaves. It is therefore inevitable that, during most of its life, a
pl antés LWR and L AR wgrowihg pldrg, this bapperes soonemhéiniman a f
slowly-growing plant. If you grow two plants, one in brigight and one in shade, for a month,
then compare their leaf weight or leaf area raaiohe end of that montlyou will find that the
one in bright light has a lower LWR and LAR. You could jump for joy and say that you have
demonstrated an adaptatishowingt hat pl ants i n bright | ight do
material as do plants in low light, when really all you have demonstrated is that the plant in
bright light has rushed more quickly through its inevitable;difele-related decline in leaf
weight and area. Therefore when you compare different phenotypes of the same kind of plant,
you must not onhadjust forplant weight, but you musompare them ghe same weight.
This, too, is what allometry does. A typialometricgraph of data showsme plant
featur@® such as leaf weiglton the vertical axis, and plant weight on the horizontal axis.
(Since plant growth is exponential, the graphs are easier to read if the axes are presented in
logarithmic terms rather than straight linear terms.) Tiiysu are comparinglants raised in
bright light with plants raised in the shade, the brigdtit plants form a line of points
representing their growth in bright light, and the shade plants form a different line of points
representing their growth the shade. (Each point represents one plant, since you must typically
kill a plant in order to measure its total weight or the weights of its component modules.) You
can directly compare the two groups of plants at any point along the horizontal axgs. tNati
time does not appear on this graph. The fact that plants may grow faster in bright light makes no
difference in an allometric comparison.
There is a little trick to doing this, however. If you grow the plants for the same length of
time, and themeasure them, the weights of the britight plants will be greater than those of
the shade plants; the line of points of the brigitit plants is shifted to the right, and may not
overlap the line of points for the shade plants. You have to think adwedgblan to measure the
bright-light plants earlier than the shade plants. Alas, only after the plants are dead can you know
if you have succeeded in getting the ranges of weights of the two groups of plants to overlap.
And this is what | did for the w& that appeared in Chapter 1 of the thesis and was
published in 1989 in the journ@ecologia.



Methods | Used in Chapter 1

The plant species that | used wdsutilon theophrastia type of mallow (plant family
Malvaceae, which includes cotton, okaad hibiscus). | did so for several reasons, among them:

e The other graduate students, over the year
amount of knowledge about how to grow this plant;

e [tis an abundant weed in the agricultural fields of céfitnaois, therefore | could get
lots of seeds;

e |tis aweed, so it grows very fast;

e It has few, large leaves, the area of which is easy to measure.

The ease of measuring leaf area is important, since photosynthetic measuseeexsessed
in terms ofhow much carbon dioxide a leaf absorbs per unit time relative to its leaf area: a big
leaf carries out more phosynthesis than a small leaf.

Also, the fact that the leave$ Abutilon theophrastare hearshaped made them a
standar d i t eDayandannwarsae natds betevéden me and my Wife plant is
beautiful, but literally irritating. The stems and leaves are covered with sticky hairs with an
irritant in them to which I, fortunately, was not allergic. Hence the common welvetleafThe
fruits look like giant asterisks, or coat buttons, hence the hamenweedThis weed is native
to India (hencéndian mallow but was brought over to America to use (I am not making this up)
to stamp little asteriskhaped decorations on slabs of butience the namesampweeand
butterprint Pigs hate it, so it can grow in pigpens undisturbed, hence thepigpeaweed




This is an image ohbutilon theophrastiaken in Oklahoma in the summer of 2013. Abutilon does not grow very
much in Oklahomgbut this plant arrived in a hunk of sod that was imported from the northern Midwest for
roadside erosion control.

| obtained lots of seeds from local field and vacant lot populations of velvetleaf, paying
no attention to possible genetic variation. \xleaf seeds have physical dormancy. That is, they
have hard seed coats, and if you plant them in wet soil they just sit there and do nothing for a few
years. But | learned a trick from the Weed Science department over in the agriculture school. Just
dip the velvetleaf seeds in boiling water, briefly, then rinse them. This softens the seed coat. The
brown seeds turn reddish and sp&uearly all of themd almostright away.

Then | had to grow the plants under high and low light conditions. Sounds easy? Not
really. Environmental conditions interact with one another. In bright light, the air is often warmer

and drier. Thatodés three factors, not one. For
chambers that could produce bright light while keeping th@éeature and humidity of the air
constant. You canot do this very easily in a

will cause a leaf to be warmer than it would be in the shead® ifthe air temperature is kept
constant, and may causetleaf to lose water more rapidbyen ifthe relative humidity is kept
constant. But we did the best we could.

The use of growth chambers imposed some limits on the experiment. Space was limited
in the chambers. | had to crowd the plants in. One way this was by growing them in little
plastic Solo cups. Now this presents a problem. Roots need water, but flooding damages them.
Roots also need lots of oxygen. A plastic cup allows neither drainage from the bottom nor
oxygen penetration from the sidégartially solved this problem with an advanced piece of
technical equipment: a nail on a stick. | heated the nail in a Bunsen burner and used it to melt
holes in the sides and bottoms of the clpe stick, with its low thermal conductivity, kept me
from burning my fingers.

The use of little plastic cups presents another problem. Once the roots begin to grow, they
guickly run out of s paowen.d,TOohda hel amtos sb € wame nfg
the bottoms and sides of the soil volume. Eually, the roots may stop growing and the plant
may experience stress. In such a case, root growth of a-bgighplant might slow down while
the roots keep growinig the shade. This will tend to dampen the difference between the root
allocation in brght light vs. shade. | suspect that this happened a little bit during my experiment.
But | measured the plants when they were still small enough that they had not become very root
bound. Undoubtedly, had | used bigger pots, | would have measgredtardifferencein root
allocationbetween the brigHight and the shade plants. But | still found an easily measurable
difference between them. The difference | measured is not a realistic reflection of what happens
out in the wild, but the whole system igifacial anyway. And if | used bigger pots | would have
needed to use fewer plants, thus reducing my sample size. Every statistical cespgsiglly
ANOVA, is better if you have a bigger sample size.



| raised all the plants at 2T in the daytime ah22 C at night. High light (H) conditions
were 900, and low light (L) conditions 200. These numbers are measures of photosynthetically
active radiation (PAR), which means light that plants can use for photosynthesis. It roughly
corresponds to visible lid. An incandescent light bulb produces more inéa radiation (heat)
than visible Iight. What t he phbtenoutput.iliceamite s abo
ar e i hs', erBicrEinsteins per square meter per second. An Einstein is a mole of
photons. To measure light intensity in moles has an advantage over measuring it in lumens or
candelas or something else like that. Since phothegig uses sunlight energy to fix carbon
dioxide molecules into sugar, you can directly calculatett@mtum efficiencgf photosynthesis
by determining how manyoleculesof carbon dioxide the leaf uses relative to the number of
photons that it absorb¥he theoretical maximum is about one molecule of carbon dioxide for
eachtwelve photons, or a quantum efficiency of ab8ygercentWhole plants, of course, come
nowhere close to this.

How do you measure a plantods tuiegsgbhta?z Sound
to remember to do. First, it Idshatisagheerganic ef ul t
and mineral componerdsratherthan the amount of water in the tissu@sherwise, tissue
hydration is an uncontrolled variable. Second, to measot weight, you have to wash the soil
away very thoroughly, since just one little rock can weigh as much as a whole bunch of roots,
introducing a large erroWWe used commercial potting mix, which has few rocks in it, but we
stillhad to be carefu.du have to be delicate as well, sinc
and watch them wash down the drain. | spent many hours washingTioese. were not all
unpleasant times, since | often did it at the greenhouse sink right in front of the muramating
soothing circulation fan.

How do you measure leaf area? There are lots of ways, some better than others. The
cheapest way is to trace the outline on graph paper and count the squares. But fortunately
Fakhri s | ab had a |atanf coaveyerdeltmfeleae plastic. Yhemetgrut t
reads the number of little beams of light interrupted by the leaf. Nowadays computer images are
used. Automated methods are better for leaves that have complex shapes. Velvetleaf, however, is
not one of thm.

In order to get the weights of the plants in all four treatments to overlap as much as
possible] began chopping the plants up on day 15 for high light and on day 28 for low light.

This was a guess but it worked. The grand mean mass of all theipldrgsexperiment was 679
mg, and the means of each of the four treatments were pretty close to this. | continued chopping
up a few plants each day in each treatment until they stopped producing full sized leaves.

| had not before, nor have | since, coatgd such an elegant experiment. All the plants
were at almost exactly the same height and developmental stage when | started each phase of the
experiment. Never before or since has the natural world been so obedient to my expectations or
SO clear ints patterns.






My 1985 Abutilon experiment. In the second photograph, green stakes indicate L plants grown in shade and red
stakes indicate HL plants transferred from sun to shade. The unlabeled plant is an H plant of the same age for
comparisonln the third photograph, the middle plant is an LH plant, transferred from shade to sun, which shows
obvious symptoms of stress but which, nevertheless, experienced a prodigious growth spurt upon transfer.

Results of Chapter 1

Differences or changes iight intensity produced markedly different plants. | will
summarize these differences below. Remember that | compared the plants at the same mass (679
mg) not at the same time, except for SLW (specific leaf weight), which was leaf weight divided
by leaf aea.l used this as an indirect measure of leaf thickness, which can only be accurately
measured after carefulgparation and with a microscope, or density.



Differences due to plasticifyd vs. L).

Height Shade plants were 3.73 times taller

Leaf aea | Shade plants had 2.36 times as much leaf area

SLW Sun plant | eaves were 2.36 times

Roots Sun plants had 4.57 times as much fine (absorptive) root weight and 56 pe
more taproot (storage) weight

Stems Shade plants had 51 percent mdegrsweight

Leaves Shade plants had only 7 percent more leaf weight

Therefore, in the shade, plants had more leaf area and grew bigger and taller stems. This allows
plants to reach for the sun in competition with other plants. To afford this, howevshatie
plants had thinner leaves and less meight The thinner leaves also helped in low light,
because what is the point in having a thick I
the shade, plants are transpiring less water amsbtieequire as much root.

Differences due to acclimation from sun to shade (H vs. HL):

Height Shaded plants were 2.71 times taller

Leaf area| Shaded plants had 2.41 times as much leaf area

SLW Leaves of fants that remained in the swere 2.34timesad e n s e 0

Roots Plants that remained in the sun plants had 2.29 times as much fine (absorptive
weight and 35 percent more taproot (storage) weight

Stems Shaded plants had 30 percent more stem weight

Leaves | Shaded plants and plants that remaingtiénsun had exactly the same leaf weigh

Therefore, in all these cases, the plants acclimated the same way and almost as much when
transferred to shade as their plasticity to shade. They produced more leaf area and grew taller.
They stopped allocating asuch mass to their roots as they had been before. The leaves, |
assume, did not actually become thinner, but
them.

Differences due to acclimation from shade to sun (L vs. LH):

Height Shade plants wer@ percent taller than plants transferred to sun

Leaf area| Shade plants had 65 percent more leaf area than plants transferred to sun

SLW Leaves of plants transferred to sun

Roots Plants transferred to sun h@@ percent more fine (absorptive) root weight and 2}
percent less taproot (storage) weight than shade plants

Stems Shade plants had 12 percent more stem weight than plants transferred to sun

Leaves Plants transferred to sun had only 9 percent more leightvthan shade plants, bu
this was not statistically significant




Therefore, in all these cases, the plants acclimated the same way when transferred to high light as
their plasticity to high light. They produced less leaf area and stopped growitigaas tstarted
allocating more mass to their roots. The leaves did not actually become thicker but they had
more organic material stored in them. However, in all these cases, acclimation from shade to sun
was more modest than plasticity to sun. This pobbaccurred because, when first thrust into
high light, the shade plants experienced some stress, which limited their ability to respond. But
they did respondlhe reduction, rather than increase, in taproot weight was the only way in
which plasticity andacclimation differed in this set of measurements. Did this occur because the
shade plants, finding themselves suddenly in bright light, needed to use some of their stored
energy to produce more absorptive roots? | can only speculate.

Much to my astonishenmt, the paper that was based on this chapter has been cited often,
even decades after its publication. When | checked up on some of these citations, | found that
there were two major reasons for this.

e First, it is apparently one of the best examplesow¥ hght intensity, quite apart from soil
moisture, can induce the production of more roots. Even if they should not have been,
many scientists were surprised that plants produce relatively more roots in higivéght
under conditions of adequate moisgtur

e Second, there were some good examples here of how comparing phenotypes at the same
age gives very different results from comparing them at the same weight.

Oneof the latterexamplais plant heightFor any given planmiveight,shade plants were
tallerthan sun plants (Figure;Iplants transferred from sun to shade were taller than plaits th
remained in the sun (Figurg; 2nd plants transferred from shade to sun were shorter than plants
thatremained in the shade (Figurg But at any givertime,throughout the over forty days on
which the plants grew, all the plants were about the same height, regardless of the light intensity
at which they grew or were transferred to (Figurdsiheight therefore a flexible trait? If you
simply compared the pléon any given day, you would conclude that it is a stable trait, not a
flexible one. But on an allometric basis it is clearly a flexible trait.
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Figures 4. When compared on any given daall the plants were abotlie same height (Figure.1But in an
allometric comparison, shade plants (L; open circles) are taller than sun plantdqs&d circles) (Figure 2
plants transferred from sun to shade (HL; +) are taller than plants thatgiaed in an (H; closed circles) (Figure
3); and plants transferred from shade to sun (LH; x) are shorter than those that remained in the shade (L; open
circles) (Figure 4. Incomplete scans are the result of a malfunctioning scanner.



Another example igelative leaf weight. At any givetime,sun plants had a lower leaf
weight ratio than the plants that grew in or were transferred to the shade (Figure 5). Whoopee,
you might say, plants in shade need more leaf weight. But not so fast. For anyeigiehsun
and shade plants had virtually indistinguishable leaf weights (Figure 6), as did plants transferred
from sun to shade (Figure 7) or from shade to sun (Figure 8). Leaf weight is, therefore, a stable
trait, not a flexible one.
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Figure 6
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| T,
Y
% 4 +
ot of ¥
o &
0P
ke d ]
00
]
&
GL ‘gﬁﬁ
-
X

E %

5
|

Oog
o®
838
4 o
00%
s s 7 0 9
In biomass (mg)

Figure 58. At any given time, the plants differed dramatically in leaf weight ratio (LWR). In particular, the plants
that remained irsun had lost many leaves by day 40 (Figure 5). But in an allometric compaaibdime plants had
a constant allocation to leaf weight, whether you compare plants in sun (H; closed circles) and shade (L; open
circles) (Figure 6), plants that remained in sun (H; closed circles) and those transferred to shade (HL; +) (Figure
7), or gants that remained in shade (L; open circles) and those transferred to sun (LH; x) (FiglreoByplete
scans are the result of a malfunctioning scanner.

Therefore the basis on which you make comparisons between treatments can make all the
difference n the conclusion you draw from theftherefore, in my thesis, | made all
comparisons between treatments at a common weight, not at the same time.
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CHAPTER 2
HOW DO YOU KNOW WHETHERFLEXIBILITY MATTERS?

It is one thing to assign a number to how flexible a trait is. It is quite another to know
whether the flexibility of the whole set of traits in a plant confers a growth benefit upon it. In this
chapter, | degloped a way of calculating the growth benefit of plasticity and acclimation. |
cannot do these calculations for any individual trait, but only for the entire set of them.

The idea is quite simple. If bright light doubles the immediate metabolism orfita gohel
then the plant grows twice as much, this means that the plastic or acclimatory features do not
confer any growth benefit. The traits, just as they are, allow the plant to grow twice as much. If
the changes (growing more roots or more leaf aredecarbenefit, then they should cause the
plant to growmore thanwice as much. | used, as my measure of metabolic stimulation, the
light-induced stimulation of photosynthesis. The benefit conferred by phenotypic flexibility in
response to light intensitg the amount of growth that occunsexcess afhe amount that the
light stimulates its photosynthesis.

Methodsl used in Chapter 2

| have already explained how | raised the velvetleaf plants at 200 and at 900 micro
Einsteins per square meter persetand transferred some of the plants between the two light
levels. Growth is straightforward, if tedious, to measBrg.plants grow faster than small plants,
but not necessarily relative to their weight. A small plant can, relative to its size, gofaster
than a large plant. What we need to know is therefore the relative growth rate (RGR), or the
growth rate relative to the weight of the plant. RGR (for example, in grams per gram per day, or
just day’) can be calculated as the slope of the imeen the natural logarithm of plant weight
per day.

You can measure RGR without complex equipmeuttybu cannot measure
photosynthesis without some advanced equipment. The most common way that scientists
guantify photosynthesis is by measuring how maarbon dioxide a leaf absorbs. Therefore if
you know how big a closed chamber with a leaf in it is, and how much the concentration of
carbon dioxide decreases over time, then you can readily calculate the amount of carbon dioxide
the leaf has absorbedoW¥ can measure carbon dioxide concentration with-irgddight.
Carbon dioxide absorbs infrad light; the more carbon dioxide is in the air of the closed
chamber, the more it depletes the infed light. This is the whole basis of the greenhouseteffec
carbon dioxide absorbs infrad light and warms up as a result.

Infra-red gas analyzers (IRGA) are fairly expensive. You can now buy equipment with
everything built into it. But back in my day we had to piece together our own systems. | say
A we 0 rowgk I,mm hot very mechanicalhyinded and | used the system that others had
designed. The IRGA gives a voltage readout, which could be traced onto a moving roll of paper
(a servo mechanism). You first have to calibrate the IRGA by flushing gas throwitjin at



specified concentration of carbon dioxide. That way you know which number, on the paper,
corresponds to which concentration of carbon dioxide. You have to calibrate it each day, because
even little things can change the IRGA output.

This photgraph shows the Bazzaz lab IRGA in use. The late Art Zangerl is in the background, assisted by Mark
Boudreau

But that is just the beginning of what you have to consider. The most important factor
that determines how much carbon dioxide a leaf absoHmsnsopen its pores (stomata) are. The
stomata are pretty skittish; they will close up if the temperature or the relative humidity are
unfavorable. Only if the stomata are all the way open can you know that the leaf is absorbing as
much carbon dioxide assiinternal cells are capable of using. Therefore, in the little chamber
with the leaf in it, you have to control the temperature and the humidity. Furthermore, you have
to keep the air in the chamber stirred up; otherwise there might be plenty of carkide @ the
chamber but the leaf depletes the carbon dioxide from the air in a thin layer (known as a
boundary layer) right next to it and its photosynthesis might slow down as a result. The leaf has
to be small enough that the fan inside the chambestaamp the air underneath it but also on top
of it. If the leaf is too big for the chamber, and the air at the top of the chamber is not stirred up
properly, that air at the top overheats and can scorch the leaf. Go ahead, ask me how | know. |
know this he same way that scientists usually know things: by doing it wrong the first few times.

One final factor that | will mention is that leaves go to sleep every night. Their
photosynthesis shuts down. Wel |l , ddoursethere s e,
will be no photosynthesis. But this is not what | mean. | mean that leaves shut down their
photosynthesi primarily by closing their stomaflaevery night even artificial light is still
shining at night. And not just at night, but in the eaxgning even when (in the high summer,



when velvetleaf likes to grow) the sun is still shining. In our lab we referred to this as five
o6cl ock shutdown. Pl ants are union plants; at
photosynthesizing even if yooffer them overtime pay. So if a graduate student measuring
photosynthesis gets behind in his or her work, he or she cannot just stay up late to finish it. In
this sense, the leaves are sleeping at night. Sleep is not the same as inactivity. When you are
asleep you are largely unresponsive to your surroundings. Sleeping leaves are unresponsive to
light. Some plants even put their leaves down, from a horizontal to a vertical position, or even
close up their leaves, at night. Velvetleaf plants hold thairee straight out in the day, but at
night, the leaves literally clasp up next to the stem.

This hardly needs to be mentioned but the leaf has to be attached to the stem. A detached
leaf sitting in a chamber will just die, and pretty quickly. The way & @ the chamber is by
having the top and bottom of the chamber meet in a layer of foam rubber that can be clamped
shut without constricting the leaf stalk.

So each morning | would start up the equipment and calibrate it. | would then position the
plant ® that | could adjust the leaf at a right angle to the light source, which was a big, very
bright halogen bulb. | could adjust the light intensity by raising or lowering the light source with
a rope on a pulley.

Results of Chapter 2

Now, with all of tha introduction, prepare yourself for a surprise and an anticlimax.

First, the surprise (though in retrospect it should not be surprising). Plants that have
developed in the shade grow faster upon transfer to the sun than do plants that have developed in
the sun! This sounds like reverse plasticity! If the shade phenotype grows faster in both sun and
shade than the sun phenotype, why donét the p
bother with plasticity?

The reason that shade phenotypes grow fésaer sun phenotypes in the sun is almost
certainly due to its higher LAR: that is, it has a lot more photosynthetic (leaf) surface area. Even
if, per unit area, a shade leaf does not have as high of a photosynthetic rate as a sun leaf, the
shade plant has lot more leaf area. That is what happened in this experiment. In sunny
conditions, the sun phenotype had a photosynthetic rate of 23.6 (units given above) while the
shade phenotype managed only 1Bdt the shade phenotype more than made up for this wit
its greater relative leaf area. In shady conditions, the sun phenotype (at 6.7) and the shade
phenotype (at 6.9) had virtually indistinguishable photosynthetic rates. This islnawth
phenomenon; shade plants do not necessarily photosynthesizenféséeshade than sun plants.

What is going on here?

The answer probably lies with factors other than light. A high LAR allows one heck of a
big wholeplant growth rate, but it is risky. Out in the sun, temperatures can get hot and soil can
dry out, withthe result that a plant with a big LAR can suffer out in the sun as a result mainly of
insufficient water supply. Remember plants use transpiration to cool their leaves.



So the apparent reverse plasticity of the shade phenotype in the sun is nonguafiasi
all. And we should just take it into account in our calculations. And this leads us to the

anticlimax.

In the following table, | presemy calculationgor the advantage of plasticiiy
velvetleaf | do so in two ways for each of the phenotygasst, | calculate how much faster or
slower the actual plants grew than they would have grown based prethetedRGRs (based

on photosynthetic response). Second, | calculate how much faster or slower the actual plants

grew than they would have grovsased on theneasuredRGRs. Shade plants grdasterin the
shade than the sun plants would have or did in the shade. Sun planisayeeslowlyin the sun

than the shade plants would have or did in the sun.

Sun plants

Sun plant measured RGR

25.7% (.257) per day

Sun plant photosynthesis in shade compared to
photosynthesis in sun

28% (0.28) as much

PredictedRGR of sun plants transferred to shade
(product of previous two numbers)

7.2% (0.072) per day

MeasuredRGR of sun plants transferred to shade

7.4% (0.072) per day

Shade plant measured RGR

27.0% (0.270) per day

Factor by which shade plants actually grew compared
thepredictedRGR of sun plants in the shade

(0.257+ 0.072) = 3.57 times as fast

Factor by which shade plants actually grew cared to
themeasuredRGR of sun plants in the shade

(0.257 +0.074) = 3.47 times as fast

Shade plants

Shade plant measured RGR

27.0% (0.270) per day

Shade plant photosynthesis in sun compared to
photosynthesis in shade

1.81 (81% more)

PredictedRGR ofshade plants transferred to sun
(product of previous two numbers)

48.9 % (0.489) per day

MeasuredRGR of shade plants transferred to sun

37.3% (0.373) per day

Factor by which sun plants actually grew compared td
predictedRGR of shade plants in tlsein

(0.257 +0.489) = 53% as fast (0.53

Factor by which sun plants actually grew compared t¢
measuredRGR of shade plants in the sun

(0.257 +0.373) = 69% as fast (0.69

Plasticityadvantagdased on predicted RGRs

2.05 (average of 3.57 and 0.53)

Plasticity advantagdased on measured RGRs

2.08 (average of 3.47 and 0.69)




In the shade, the shade phenotype actually grew more rapidly theimibleenotype (3.47 times
as fast). My prediction was that they would grow 3.57 times as fast. Those twensuand
pretty close. In the sun, the sun phenotype grew more sloarytkie shade phenotype (only 69
percentas fast). My prediction as that they would grow only 53 perceasstfast. These two
numbers are not too different either. The plastiadyantag based ompredictedRGRs (2.05) is
very similar to the plasticitgdvantagéased oomeasuredRGRs (2.08). Notice that from both
predictions and measurements, the shade phenotype appeared to be superior in the sun. But all |
am trying to do here is to demstrate that calculating a plastic#tgivantagéased on predicted
values is not too different from using measured values.

Why is this important? Because in chapter 4 | will be measuring twelve species of plants.
To get a sample size adequate to actuakhpsure RGResponses of all twelve specigsuld
require a sample size large enough that I could not have fit them in the growth chambers. | was
using velvetleaf as a proof-concept plant upon which | could base my work with the twelve
species.

From ths, you can see why this confusing chapter, though publisheetbdack with
the first chapter, has not been cited. | even got myself confused-esald it. Of course, it has
been almost thirty years since | wrote it.

Vintage Reference for Further &iing

Rice, SanleyA. and F.A. Bazza1989 Growth consequences of plasticity to light condition&ltilon
theophrasti Oecologia78: 508512.



CHAPTER 3.
THREE HABITATS

All habitats are variable in space and time. They all have spatial heteitggene
different scales, from large disturbances (fires, etc.) to small molehills. And they all have
temporal variability, changing from year to year, month to month, moment to moment. How do
you quantify environmental variability?ariability of conditiors can be even more important

than the averageonditons As t he ol d farmer said, in fifty
average years.
Well, you candét measure everything all the

all of the data? But yocan measuresomethingssomeof the time and, if you make your
measuremenis the same wain all of the habitats, you can compare the variability in each
habitat with the otherg.limited my measures to light and moisture, ignoring temperature and
nutrients. | did this because light and moisture affect one another very closely, and light is the
variable | manipulated in my experiments for chapters 1, 2, and 4.

All habitats are variable, but not all equally variable. | decided to compare three habitats
common (or formerly common) in east central lllinois: the agricultural old field, the tallgrass
prairie, and the forest floor.

Agricultural old fields.lt seemed to me that the agricultural old field wouddethe most
variablelight and moisture conditian An agricultural old field is an abandoned farm that the
weeds, then the shrubs, then the trees take over by a proeestogiical successiors the
shrubs move in, they create shaded microhabitats among the weeds; as trees move in, they create
more fiaded microhabitats among the shrubs. Even the weeds are all different. Some of them,
like Setaria faberia f oxt ai |l grass, are short (except wh
Ambrosia trifidathe gant ragweed, are, well, giant.



On the left, lam standing beside some giant ragwe@dabrosia trifida)in a field in 1983 On the right, | am
standing amidst some tajbosefoo{Chenopodium albunmgnd foxtail(Setaria faberii)which are plants that do not
normally grow tall, in 1985, but 1985 wasetter than 1983.

The earliest weed® dominate during ecological successasa annuals, which live only one

year, and they are generally smaller than the later, perennial ilregdsy the first year of
succession, the annual weeds may be in full lsunin the second year, when the annual weeds
sprout from seeds, they may find that the perennial weeds (which had started growing, slowly,
the first year) have already outgrown them and are casting shade on them.



