
In the past lecture we discussed plant functional groups and how these are 
dispersed across the globe and what are some of the general features of these 
functional groups.  In this lecture we’ll peak under the hood and examine some of 
the dominant attributes of various plants.  This lecture will include discussion on 
their anatomy, size, proportions and chemical composition. 
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Carl Linnaeus (1707-1778) was a professor of medicine at the University of Uppsala 
in Sweden. He developed scheme for classifying plants, later used for classify life in 
general, down to species 
~400,000 plant species 
 
During a mini sabbatical to Stockholm I had the pleasure to visit Linnaeus garden in 
Upsala 
http://www.linnaeus.uu.se/LTeng.html 
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There continues to be much interest in biodiversity and it is an important topic to 
study and promote.  While species have distinct niches, there is also some overlap 
and redundancy.  The Stanford Biologist, Paul Ehrlich, is known for making the 
analogy that ‘Species are Like Rivets on a fuselage of an airplane, you can remove 
a few without causing the plane to crash; but you don’t know which one is most 
important’.  This is yet another example of the role of complexity in studying the 
biosphere. 
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Louis Sullivan is the architect noted for developing skyscrapers in Chicago. 
 
When we think of plants, their attributes, like size, shape, networks, and form, does 
follow function.  Given genetic and environmental constraints, plants can only be so 
big, and given a certain size, like height, other size and shape attributes must scale 
accordingly. 
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I like this additional quote for it brings form and function together. In this example 
we can see the small blue oak leaves that live in the hot dry climate of California. In 
contrast, I found large big-leaf maple in the dark damp understory of a Douglas fir 
forest on Vancouver Island. 
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Having been to this FLW home, we found its form, not so functional, nor so spiritual; 
as my wife, Nicole says, ‘there is not a comfortable place in the whole house’;  Point 
to be made is that architects aren’t always successful in matching form and function 
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I find it more important to know what species do, how and why, through their traits 
than just to count and consider species per se.  Remember there is lots of overlap 
of niches and there is functional convergence across the world, where different 
species do essentially the same thing, but in different parts of the world. 
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I agree with the comment that species matter, but whether one needs functional 
information or species information depends upon the problem.  Matters of nutrient 
cycling and N fixation depend upon certain bacterial species, as does methane 
production, and isoprene production by plants. Yet, we have shown that processes 
like canopy light capture, packing of trees on a landscape and the water used are 
independent of species, and depend more on functional traits 
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Roles of structure and function get back to the idea that plants must comply to the 
laws of physics and acquire energy, carbon and water to sustain themselves 
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Here is a partial list of some of the functional traits of plants that are important for 
their survival, sustenance and reproductive success 
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The surface area of needles is not the same as their projected area. Why care? It is 
the projected area that intercepts light, but it is the surface area that exchanges 
heat and gases between the leaf and the atmosphere 
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Typically catalog of leaf shapes we are more familiar with. In this section we will 
dive into the attributes of leaves 
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Here is a revisit of C3 and C4 leaves with special focus on the differences in their 
cross section and a nice visual showing the bundle sheaths on C4 leaves 
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The xylem anatomy of gymnosperm and angiosperm woody plants differ in their 
form and function. Conifers have tracheids in their xylem which helps them endure 
freezing and drought and minimize disruptive effects of embolism on water transfer 
through the xylem. But the structure of tracheids reduces the conductivity of water 
transport. 
 
Angiosperms have vessels in their xylem. They are wider and more conducive to 
water transport. But they are also more vulnerable to embolism that can cause 
hydraulic failure with freezing and severe drought. 
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Conifers have needle leaves.  They can be grouped in fascicles like pine or shoots 
like spruce.  The sub units of fascicles form a cylinder 
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Cartoon showing the difference between the projected areas and surface areas of a 
flat leaf and a fascicle of pine needles.  Light intercept proceeds in proportion to the 
projected area.  Heat and mass exchange are proportional to the surface area 
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In this section we’ll discuss more on the physical limits of leaf size, eg thickness per 
unit area, and the chemical composition it houses. 
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The figure shows the global distribution of data on the area to mass ratio of leaves.  
Thin leaves have a large value, over 600 cm2/g.  Most leaves, the mode, are on the 
order of 120 cm2 per gram 
 
The TRY database http://www.try-db.org/TryWeb/Home.php is a new project where 
scientists share data and collaborate.  Together, we have expanded the scope, 
amount and range of data that can be used for scientific synthesis. 
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Here is an example of the range of values of leaf Nitrogen in plants.  Few if any 
data exist above 60 mg/g.  The peak clusters at values just below 12 mg/g 
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These new shared database have revolutionized on how view the biosphere. 
 
The figure compares prior ‘conventional wisdom’ of what foliage nitrogen was for 
various plant functional groups, compared to the explosion of data now available on 
the TRY database 
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But the question we must ask, when studying the biosphere in a tractable manner, 
is whether we need to develop separate rules of operation for each species or are 
there more general rules that emerge, like functional convergence.  It is 
encouraging that a few traits explain much of the variation in leaves, hence there 
continues to be a search for key ecosystem traits that explain behavior among 
ecosystems. 
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The key paper on the Economic spectrum of leaves was by Wright et al 2004 in 
Nature.  They showed that about 74% of the variation among 2500+ plant species 
could be explained variation in just 6 traits that relate to life span, chemistry (N and 
P), metabolism (photosynthesis and respiration) and size (mass per unit area)  
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Here is a 3 dimensional plot among Leaf mass per unit area (LMA), leaf 
photosynthesis per unit mass (A mass) and the amount of Nitrogen per unit mass.  
There distinct sets of conditions over which the data exist, and are excluded. 
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Cowan and Farquhar promote the theory that plants have evolved the ability to 
optimize the water loss for carbon gain by stomatal control, using economic theory. 
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A Californian oak woodland must coordinate how much water it uses to gain enough 
carbon to offset respiratory needs and evaporative demand.  
First and foremost, the oak woodland must assimilate more carbon than it loses 
through respiration. 
 
This chore is not as trivial as it may seem given the asynchrony between the 
periods of water supply and water demand.  The period of highest photosynthetic 
capacity is relatively short. 
 
The key constraint limiting factor on the annual sum of carbon assimilation by an 
oak woodland the amount of water that is available.  Consequently, annual 
photosynthesis, or gross primary productivity (GPP), scales with annual 
evaporation. 
 
Annual evaporation of an oak woodland must be less than rainfall. 
 
Oak trees must overcome severe moisture deficit stresses during the hot dry 
summer—volumetric soil moisture is often below 5% by volume, causing oak trees 
to experience pre-dawn water potentials as low as -7.0 MPa  
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With form and function comes the ideas of ‘Functional Convergence’ and 
‘Convergent Evolution’. 
 
Rick Meinzer surveyed data from 31 tree species and found that he could predict 
functional behavior, like sap flux density of transpiration in terms of simple metrics 
like stem diameter, with simple functional response curves.. 
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Leaf shape and size is plastic and responds to its environment 
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Look at the wide range of plasiticity of morphology, its leaf/shoot size and shape of 
one plant, a redwood tree, as one goes from the dark, damp understory (with large 
shoots), to the very sunny, dry and hotter environment at the top of the tree, where 
they are small clumps, like a cedar. 
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Shade and drought tolerance are inversely related.  Species that are shade tolerant 
are drought intolerant, and vice versa 
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http://www.independent.co.uk/news/science/oregons-monster-mushroom-is-worlds-
biggest-living-thing-710278.html 

37 



http://waynesword.palomar.edu/ww0601.htm 
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West and Brown 2005 
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We’ve introduced Kleiber’s Law before on the relation between metabolic rate (B) 
and Mass (M) 
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Yoda’s law shows a power law relation between the size of trees and number of 
trees.  In general a landscape an either support a lot of small trees or a few big 
trees.  This is an important rule as it affects the fate of trees one may buy and plant 
with the intent of sequestering carbon.  The reality is that as groups of trees grow 
there will be much self thinning.  Don’t be deluded that every tree you plant will 
grow to the size of a full, grand tree in open space like a park. 

41 



42 



The scaling law between size and density covers many orders of magnitude. This 
power law behavior is one of the attributes of complexity. And, this is a fine example 
of the emerging rules of ecology that are very predictive, yet independent of species 
information 
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What emerges here is the scale independent behavior of how populations of plants 
assemble and function on the landscape scale. 
 
In addition, this example shows species number independence of such ecosystem 
behavior as water use. 
 
In short, the metabolic rate of individuals increases with Mass to the +3/4 power.  
But the number of individuals is inversely dependent on Mass, to the -3/4 power.  
When multiplied, the power exponents are added, summing to zero.  Hence at the 
landscape scale transpiration is scale invariant.  This has a big implication on the 
number of species a landscape can sustain and how it may, or MAY NOT, affect 
landscape water use.  It will be other factors (weather, plant functional attributes) 
that affect whether the horizontal line moves upward or downward 
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Does Biodiversity affect evaporation.  Using long term data from the Fluxnet Project 
we find the answer is very little.  This is consistent with the fact that energy drives 
much evaporation and scaling theory shows that energetics is scale invariant. Yet, 
there can be some role in the case that different species may have different 
hydraulic conductances and stomatal capacity. 
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Poor soils favor evergreen due to depressed Ps capacity, which can be overcome 
with long growing season; Temperate-humid climates with long growing seasons 
favor evergreen, eg Pacific Northwest 
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Leaf area index is one of the most important ecosystem attributes. It tells us about 
the area of leaves per unit ground. 
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Values range from about 10 to less than 1.  Theoretically, canopies tend to max out 
at about 6 m2/m2 as this amount of leaf area intercepts more then 95% of incoming 
sunlight.  There  is too little extra sunlight to sustain multiple layers of leaves after 6. 

50 



51 

The fraction of vegetation scales with annual precipitation. Open canopies are the 
norm in low rain regions.   
 
Scheffer et al. 2005 
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Leaf area index changes seasonally, too.  Here is an example of the deciduous 
forest I studied for 17 years near Oak Ridge, TN 
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How tall is a forest?  In the past this was a laborious task with many plot inventory 
studies using an inclinometer or hypsometer, a device that gave you the angle 
between the ground and top of the tree, given a known distance from the tree. 
 
Now we have lidar on airplanes, and in the future on satellites, that can tell us how 
tall forest are. 
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Nice lidar based map of the oak savanna forest I study. It shows tree height and size of the 
crowns. 
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Leaves are displayed with a distribution of angles to better capture light, given that 
the sun zenith and azimuth angle changes hour by hour, day by day.  So no one 
fixed angle is optimal 
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Yet, monocultures are most effective at trapping light if their leaves are most erect.  
This feature has been discovered by theoreticians and adopted by plant breeders.  
Yet natural ecosystems cannot afford to evolve erect leaves, because they will allow 
more light to transmit to the underlying plants giving them an advantage, as 
opposed to a disadvantage by shading them and trapping their light. 
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In forests, the distribution of leaf angles varies with height.  The highest leaves are 
more erect and the lowest leaves are essentially flat 
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Clued to this behavior by having been a postdoc under Boyd Hutchison, I have 
taken lots of pictures of profoundly flat leaves in the understory of forests. Here is 
one example in Germany. 
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Roots provide anchorage and serve as conduits for taking up water and nutrients 

60 



Roots tend to congregate in the upper 25 cm of soil where there is water, oxygen 
and nutrients.  Yet roots can go deep, seeking water 
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It is important to understand the concept of ‘Convergent Evolution’.  Through 
evolution different species, in different parts of the world, can accomplish similar 
tasks, such as acquisition of carbon, water and nutrients in stressful Mediterranean 
climates. 
 
Dominant plants in the Mediterranean climates of 5 continents, Chile, California, 
Australia, South Africa and the Mediterranean region, are deep rooted, evergreen, 
shrubs with sclerophyllous leaves (thick, hard leaves) 
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