Lecture 2, Characterizing the Vegetation,
Defining Structure and Function of Plant Canopies
to Study Plant-Atmosphere Interactions

» Physical characteristics of plant canopies
(Structure/Function)
+ Leaf
— Size
— Shape
— Photosynthetic pathway
« Plant
— Leaf angle orientation
— Leaf area
— Species/functionality
— Plant height
+ Canopy
- Age
- Spatial distribution
« Measuring LAl
— Direct and Indirect methods

— From Space

9/3/2014 ESPM 129 Biometeorology

Canopy Structure, and Leaf area, are fundamental features of the landscape. We
can't really understand the plant-atmosphere interactions without knowing how
much vegetation is on the surface.



‘Form Follows Function’, Louis Henri Sullivan (1856-1924), architect
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Plants are certain sizes in different regions for a variety of biophysical and
ecological reasons. We will explore these



‘Form follows function—that has been misunderstood.
Form and function should be one, joined in a spiritual union’,
Frank Lloyd Wright (1869-1959),
protégé’ of Louis Henri Sullivan and architect

Quercus douglasii, 2 cm Acer macrophyllum, 30 cm
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Biometeorological factors, conspiring with evolution and natural selection, conspire
on determining the size of leaves for given environments. Hot dry zones tend to
exhibit a proliferation of small leaves, which are effective in conducting heat away
and maintaining a viable energy balance and surface temperature. Huge leaves
tend to occur in darker reaches of a canopy and in wet humid climates, like the rain
forests of the Pacific Northwest or the tropics.



Temporal and Spatial variations in Canopy Structure and
Function modulate trace gas and energy fluxes

* by altering:
1. wind and turbulence within and above the canopy

2. the interception and scattering of photons
throughout the canopy

3. the heat load on leaves and the soil

4. the physiological resistances to water and CO,
transfer and

5. the biochemical capacity to synthesize or consume
carbon
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Reasons why and how structure and function affects biometeorological processes.
Leaves intercept and reflect light, they absorb drag and alter turbulence and they
provide sources and sinks for trace gases.



The Flux Density of mass (F) (moles m2s) or Energy (J m=2s)

~integral of the source-sink strength with respect to height (S(z)):

F = Zh:S(z)AZ

CANOAK
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Theoretical reason why leaf area is important. The source and sink strengths of
vegetation are proportional to the leaf area density, layer by layer



Source-Sink Term, S, equals the Flux Divergence, dF/dz

F _ 5(0) = -a() SD=C)
z ETE

a(z), Leaf area density (m? m3)

r,, boundary layer resistance (s m™)
- f(wind velocity, leaf size)

r,, stomatal resistance (s m)
- f(CO,, light, soil moisture, plant function)

C(2), scalar mole density (mole m3)
— f(wind and turbulence, Source-Sink, S(z)

Ci, internal molar density (mole m-%)
- f(physiological capacity)
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Using Ohm’s Law, an analogy to electrical circuits and current flow, we see that the
source sink strength, S, is directly proportional to the leaf area density of each layer,
a. So we want to know how leaf area density varies with depth throughout a
canopy.



Characterizing the Vegetation Canopy:
Leaf Area Index

» Leaf area index
— Observations
— Theoretical Limits
— Predicting leaf area index,

* nutrition, functionality and waterbalance
» from allometry

— Variation with time:

+ season, decade, century
— Variation with space:

+ height, horizontal, globe
— Measurement methods
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We will investigate variations in leaf area index with time and space, understand its
theoretical limits and ways to measure it.



Physical Attributes of Plant Canopies

+ leaf area index

—amount of leaf area per ground area (m2 m-)
« woody biomass area index

— silhouette woody biomass per unit area
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Definitions of leaf area index. Plant area index is the sum of leaf area and woody
biomass silhouette indices.



Needles differ from Planar Leaves

Projected vs Hemi-surface area
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Note that the hemispherical surface area index of a non-flat leaf, like a conifer
needle, is greater than its projected index. We need information on projected area
to study light interception. But the surface area is more important for studying
processes like mass, heat and energy exchange.



Plants and Ecosystems are Complex

(OO0 DN

OO0

Sum of the Pieces Don’t Equal that of the Whole

http://www rawfunction.com/wp-content/uploads/2012/11/The-Art-of-Clean-Up2 jpg
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Many groupings of ‘leaves’ experience clumping. The example is the area of a
spruce shoot is different than the area of the individual needles. We need to study
clumping to better understand light interception and its relation of leaf area index.

http://www.rawfunction.com/wp-content/uploads/2012/11/The-Art-of-Clean-Up2.jpg
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Actual vs
projected
shoot Area
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Comparison of maximum leaf area index the ratio between
the projected shoot and needle area
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Cauchy's theorem

the average silhouette of a convex solid
is Va of the surface area for any body shape.

For flat leaves, G, the ratio of the silhouette to plan area of a leaf,
is V4 for total surface area and V2 for the plan area

e.g. projected vs surface area of a sphere

'’ I

4r* —Z

)
A
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Range of LAl Values
Functional type Mean LAl Std Dev
Polar desert/alpine tundra 3.85 237
Moist tundra .82 47
Boreal forest woodland 3.1 228
Temperate savanna 1.37 .83
Temperate evergreen broadleaved forest 54 2.32
Temperate mixed forest 526 2.88
Temperate conifer forest 6.91 5.85
Temperate deciduous forest 53 1.96
Temperate wetland 6.66 2.41
Cropland Temperate 4.36 37
Plantation Temperate 9.18 4.51
Tall medium grassland 203 5.79
Short grassland 253 .32
Arid shrubland 1.88 74
Mediterranean shrubland 1.71 76
Tropical wetland 495 .28
Tropical savanna 1.81 1.81
Tropical evergreen rain forest 5.23 2.61
Tropical deciduous forest 467 3.08
Tropical pasture 285 262
Crop tropical 365 214
Plantation tropical 9.91 4.31
ESPM 129 Biometeorology
Asner et al 2003

Excellent survey on leaf area index among different plant functional groups. Inspect
the table for the range of values (<1 to 10), canopies that are associated with high
values, medium and low.

Also notice that leaf area index is more than one. In other words plant stands can
sustain more meters of vegetated surfaces than a meter of ground area. Why is
that? How can that happen? Theory helps us find the way.
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How Much Leaf Area is Possible?

Beer’s Law

A
/

ALLAMANNEEDS

I[/1,=exp(—kL)

I, transmitted sunlight
Iy, incident sunlight

k, extinction coefficient
L, leaf area index
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Beer’s Law is fundamental in understanding the attenuation of light passing through
a vegetative canopy. It also helps us understand the maximum value of leaf area
index for a maximal amount of light attenuation.
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~Maximum Light Transmission, 5%
T=1/1,=0.05

~Maximum Light Attenuation, 95%:

A=1-T

L=—In(0.05)/ k
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Example of estimating leaf area index for condition when 95% of the light is
attenuated by the canopy, or only 5% is transmitted through the foliage, to the
ground.



Theoretical Estimates of LAI, L
Species L K Lgco,
Pinus resinosa 26 0.40 7.5
Pinus radiate 8.3 0.51 5.9
Pinus sylvestris 28 0.62 4.8
Picea sitchensis 9.8 0.53 5.7
Picea abies 8.4 0.28 10.7
Psuedotsuga menziesii " 0.48 6.2
Eucalpytus maculata 238 0.57 5.3
Liriondendron tulipifera 6.0 0.29 10.3
Fagus crenata 7.0 0.65 4.6
Quercus robur 5.0 0.39 ri
Populus tremula 38 0.39 T
Jarvis and Leverenz, 1976
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From a light harvesting perspective a closed canopy occurs when leaf area index
exceeds 3. Many upper limits are on the order of 5 to 6 for dense forests. Rarely
are values higher, but clumping of foliage and unique leaf angle orientations can up
the leaf area index sustained by dense canopies. Numbers greater than 10 are not
to be trusted and are probably artifacts of sampling errors and upscaling.
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Fraction of Vegetation Cover vs Precipitation

(c)
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P (mmyr1)

Scheffer al 2005
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How does leaf area index vary with climate and ecological zones? One needs
water to sustain higher rates of transpiration and photosynthesis that are associated
with dense stands. So as precipitation declines, so does the fraction of vegetative
cover, and leaf area index. Note this figure shows a non-linear and saturating
response. This curve is derived for subtropical regions. The water balance and
critical points will vary in colder and warmer regions.

Scheffer et al. 2005
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Leaf Area Index scales with:
Precipitation, Evaporation and Nutrition

10 -

@ various functional types: ®
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Baldocchi and Meyers, 1998 AgForMet
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Another way to consider the role of water balance on LAl is to develop non-
dimensional indices. We have found that LAl scales linearly on a log-log plot with
the ratio between precipitation divided by equilibrium evaporation, multiplied by
nutrition, in terms of nitrogen content of the leaves (mg/qg)



Temporal (Seasonal) variation of leaf area

« Evergreen
 Deciduous

ESPM 129 Biometeorology

Leaf area at specific locations can vary much with time or remain relatively
invariant, as is the case of deciduous vs evergreen forests.
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Seasonality in LAI, Crops

Stages

» Seed, Seedling
» Vegetative
* Flowering

Leaf Area Index
w
1

o » Grain Filling
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—&— Harosoy, normal isoline .
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—@— soybeans with pubescent isoline « Fallow
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Day

Baldocchi, PhD Dissertation ESPM 129 Biometeorology

Crops experience much variation in LAl with time. The cropping cycle includes
seeding and seedly stages, vegetative and canopy filling stages, reproductive and
flowering, grain or fruit filling, maturation and senescence/harvest, followed by
fallow.



Leaf Area Index, Rice
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Today we augment our measurements of LAl with images from digital cameras,
giving us a nice calendar of crops stages. We have been fortunate to mentor many
UCB summer students, who have helped us make these measurements.



Seasonality in LAI, Deciduous Forests

1 Deciduous fores

Leaf Area Index
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Day of year

Walker Branch Watershed, Oak Ridge, TN
Baldocchi and Wilson, 2001, Ecol Modeling
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It is hard to do clipping and sampling studies of tall complex forests. Hence we rely

on light transmission measurements to infer leaf area index and its phenology. Itis

important to know when the growing season starts and ends, when maximum LAl is
achieved, how LAI may decline during the growing season due to stresses like

drought and insect herbivory and when autumn/fall occurs.
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Year to Year Differences in LAI
Oak Savanna, near lone, CA

Mean plant area index from three locations

Plant area index at ecosystem scale

poy

Ryu et al. RSE 2012
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At individual forest sites the start of the growing season may vary by up to 30 days
from year to year. On one hand an early growing season can be viewed as good if
it extends the photosynthetic period. On the other hand, it may accelerate the
depletion of the soil moisture pool and catalyze drought, as warm years tend to
have early springs but are followed by dry summers.
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Vertical Distribution of Leaf Area Index, L

L= _[a(z)dz ~ Za(z)Az

a, leaf area density
Deciduous Forest

30

Height (m)

¢ 4= —————
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Leaf Area Density (m* m?)

Hutchison et al., 1980, J Ecol ESPM 129 Biometeorology

Leaf area index density varies with depth in a canopy. Information on its distribution
is needed to measure, interpret and model light transmission well. The distribution
of leaf area index can vary by stand age and vegetation type.



Spatial (Vertical) distribution of leaf area

* Top heavy distribution
» Bottom heavy distribution
» Even distribution

ESPM 129 Biometeorology

Many different distributions are observed.
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Vertical profiles of leaf area index computed with Beta functions
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Example of different statistical distributions of leaf area index with height. Beta

functions are one way to simulate these distributions

27



Examples of leaf
area index profiles
for crops and forests

Meyers and Paw U, 1986, AgMet
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Here is an example of LAI distributions for many crops and forests
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stand-wide average

LAI Profile in Mixed Specied Forest

arrangement by major species

Acer

pennsyivanicum montana

Quercus|
alba

Acer rubrum

Amelanchier
amoma

Castanea [
dentata H

llax

Glllll T
0 2 4 6 8 100 2

percent of LAI

Parker and Brown, 2000

T T T T T T T T T

0o 0o 0 o0 2 4 0 20 2 4
percent of LAI

ESPM 129 Biometeorology

Within a forest stand there are layers associated with different species due to there

adaptations to shade and full sun.
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LAI Profile by Stand Age
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Leaf area profiles of forests change with age and time since disturbance. Key
phases are Stand reinitiation. 1-10 years. Herbs and shrubs dominate site
(species A dominates)

Stem exclusion stage (aggradation phase).
Under-story re-initiation stage (aggradation phase continues)
Old growth stage
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Measuring LAl

* Direct
— Stratified Clip
— Litter Fall
— Allometric

* |ndirect
— Point Quadrat

— Hemispherical
photos

— Beam penetration

— Spectral
reflectance,

ESPM 129 Biometeorology

Direct and indirect methods exist to measure LAI. Direct are labor intensive and
can suffer from biases in sampling insufficiently the natural heterogeneity of sparse
canopies or accessing tall forests. Litter fall is one way to circumvent this
limitations, but evergreen trees lose leaves year round, so collecting them can be
troublesome.

Indirect methods rely on the probability of light beams passing through gaps or
hitting leaves.



Allometry
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Figure 1—Allometric relationship between measured whole-tree leaf mass and trunk
diameter at breast height for 14 blue cak trees harvested from a native stand in the
Sierra Nevada foothills

Karlik and MacKay, 2002, USFS
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Leaf area can scale with easily measured metrics like diameter at breast height.
These relations tend to follow log-log patterns. Allometric relations may need to be
developed for specific stands and too often scientists fail to have the energy, time or
inclination to fell trees and count all the leaves. Yet, once a relation exists,
measurements of stem diameter are cheap, quick and easy.
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Point Quadrat

lio et al 2011 AgForMet ESPM 129 Biometeorology

Point quadrat method was developed in the 60s by Warren Wilson. Rods were
inserted into a canopy and the number of contacts were counted. Then using
probability theory and knowledge of leaf angles, leaf area index was deduced

33



Gap Fraction from Hemispherical Photo

ESPM 129 Biometeorology

With hemispherical photographs one can measure gap fraction and infer leaf area
index. The method was pioneered in the 70s, including my mentor, Boyd

Hutchinson. The method is rapid, cheap and indirect, but there is art to detecting
gaps and not be biased by light transmitted through leaves.
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Pitfalls of Hemispherical Photos in Savanna, or Sparse Canopies

Hemispherical Camera

Upward Looking Camera

Youngryel Ryu et al 2010 AgForMet

The other problem is with sparse canopies, like savannas. Most of the LAl is
clumped in outer rings of the image. Alternatively zenith cameras may be useful in
assessing gap fraction.
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Measuring LAI of a Savanna Automatically with Digital Cameras

ESPM 129 Biometeorology

Cheap cameras on boards can be used to expand networks of cameras in the
understory of forest.
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Landscape LAI

1.2

Measuring LAl of a Savanna Automatically with Digital Cameras

1.0 A
0.8 -
0.6 -
0.4
0.2 -

0.0

O DCP
® LAI-2000

2009.2 2009.4 2009.6 2009.8 2010.0 2010.2 2010.4

Year
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Example of the phenology of LAl we can assess with a network of upward looking

cameras.
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LICOR-2000

Chason et al, 1990 AgForMet

ESPM 129 Biometeorology

LICOR 2000 is an instrument that measures gap fraction for 5 rings around the

horizon.
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LAI via Radiative transfer

Effective LAl (L G= K) is a function of the solar zenith angle (8) and
the natural log of light transmission (T)

L-G(60)=—cos 0-In(T(0)) = K(0)

G ~ 0.5 when the angle is 1 radian

L= -zjo’iﬁ(f(e)cos(e)sin(e)de

ESPM 129 Biometeorology

Conceptually the product between leaf area index (L) and the G function, which
represents the cosine between the angle of the sun and the angle normal to a leaf is
eqgual to the cosine of the angle of the shaft of light and the fraction of light
transmitted at that angle.
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LAl from Measurements of Beam Transmission:
The Method of Lang

Oak Ridge, TN, d287, 1989
3.0

\t Coefficients:
Ld BN a: 5.129
25 S * b: -3.114

r? 0.7930
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-cos(0)In(T)
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zenith angle (radians)

L-G=K(@)=a+b0 LAI @ 1radian =2(a + b)

Chason et al. 1990, AgForMet
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The trick to computing LAI with the LICOR method is knowing G, which is a function
of view angle. But we know G is approximately 0.5 when the angle of light is at 1
radian. So we can solve for L by plotting cos(theta) times natural log of
transmission vs zenith angle, fit a regression and solve for the slope and intercept.
Evaluate the linear regression at one radian and solve for a and b



Allometric (‘direct’) vs Radiative (‘indirect) estimates of LAI
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Tests of these comparisons between direct and indirect methods of LAI remain

robust.
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Clumping at Crown (€2) and Shoot (y) scales biases LAl 2000

T T T T T T T T T
I 4 Litterfall
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Leaf Area Index

Chason et al., 1990, AgForMet
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Yet, we find that certain natural forests possess clumped vegetation, so we have to
consider clumping to deduce the correct LAIL.  This is an example of our work in
Oak Ridge Tennessee, where we measured LAI with litterfall and compared it with
measurements deduced by the LI-2000. Differences were due to clumping.
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Ubiquity of Clumping Among Forest Type, Ground Truth

I LAI-2000 (apparent clumping index)
Literature (element clumping index)

1.1

Clumping index

CRO DBF EBF ENF GRA MF OSH WSA

Plant functional types

Ryu et al 2010 AgForMet

Here is results from our study in oak in California. Again we have to consider
clumping.



Method Comparison in a Sparse, Heterogenous, Savanna Woodland
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Plant Area Index of Sparse Canopies

_ —CCxlog(CP)
k

PAI

CC is the fraction of crown cover
CP is the crown porosity

k is the light extinction coefficient

ESPM 129 Biometeorology

For sparse canopies we have to consider gaps between clumps of vegetation,
another degree of clumping
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Global Survey of Leaf Clumping Factors, Satellite Remote Sensing

Table 1

Average statistics calculated with the topographically corrected clumping index
values over vegetated areas.

Class Class names Mean Stan. dev.
1 Tree cover, broadleaf, evergreen 0.64 0.11
2 Tree cover, broadleaf, deciduous, closed 0.69 0.08
3 Tree cover, broadleaf, deciduous, open 072 0.05
4 Tree cover, needleleaf, evergreen 0.63 0.12
5 Tree cover, needleleaf, deciduous 078 0.07
6 Tree cover, mixed leaf type 072 0.1
7 Tree cover, regularly flooded, fresh water 0.67 0.15
8 Tree cover, regularly flooded, saline water 078 0.17
9 Mosaic: Tree cover/other natural vegetation 070 0.05

10 Tree cover, burnt 078 0.15

11 Shrub cover, closed-open, evergreen 077 0.17

12 Shrub cover, closed-open, deciduous 074 0.09

13 Herbaceous cover, closed-open 077 0.12

14 Sparse herbaceous or sparse shrub cover 078 0.16

15 Reg. flooded shrub and/or herbaceous cover 0.80 0.14

16 Cultivated and managed areas 078 0.11

17 Mosaic: cropland/tree cover/natural veg 077 0.12

18 Mosaic: cropland/shrub and/or grass cover 076 0.05

Pisek et al 2010

ESPM 129 Biometeorology
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LIDAR (aircraft, ground based, UAV), a Method for measuring Canopy Structure

B e T S

Teaty WON R
1 o el B S
Tepoa g T T Gy
e ¥ e S e

Portable Canopy LIDAR

" Terrestrial LIDAR top image Riegl) UAV-based LIDAR (images Riegl)
Beland et al, Ameriflux white paper
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Much excitement with new LIDAR sensors to measure canopy structure
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Measuring LAl from Space with Vegetation Indices

RN.’ — RVIS
R.-'V.'R + Rm

NDVI =

—&— lai vs peterson
—7— lai vs otter spanner

Near Infraredi/red reflectance

1) 2 4 6 8 10 12

Leaf Area Index

Ry, reflected near infrared radiation
R, reflected visible radiation

ESPM 129 Biometeorology

From space we can infer LAl from normalized difference vegetation indices that
measure reflectance in the visible and near infrared wave bands.
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LAl from Space
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MODIS

Examples of LAl deduced from space for a 1 km pixel grid
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LAI Map, Conventional Wisdom, without Clumping

Green Leaf Area Index (LAI)

B No Data
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MODIS, Version 3, 4km, May 2002
Integerized Sinusoidal Map Projection
myneni@ersa.bu.edu
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Maps of leaf area index can be produced globally and seasonally

Ranga Myneni, Univ Boston
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Clumping Factor, Q, Map
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Fig. 6. Global vegetation clumpmng index map derived from POLDER 1 data using the zed diffe between mtery hotspot and darkspot NIR
reflectance and applied to vegetated land cover. Vegetation clumping mcreases with decreasing values of the index.

ESPM 129 Biometeorology

Global maps of clumping indices have been derived
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Global LAl Map, Berkeley Biomet Version, with Clumping Considered

LAl Year: 2003
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Youngryel Ryu et al 2011 Global Biogeochemical Cycles
ESPM 129 Biometeorology

We used clumping factors and information on the fraction of absorbed visible light to
estimate LAI globally.



Leaf Area Index of California
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Nikolov and Zeller, 2008, Environ Poll
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Others have produced maps of LAI for California

Ned Nikolov, unpublished
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Summary

« Leaf area index is a measure of the population of the plants and leaves that
are interacting with the environment; this can occur by intercepting photons,
being a source of water, heat or CO2 or being a sink for CO2 and pollutants.

* There are theoretical limits to how much leaf area a landscape can sustain.
Assuming no limiting factors, then the amount of leaf area to intercept 95% of
incoming sunlight sets the limit, which can vary between 3 and 10 depending on
leaf angle orientation and clumping.

« Climatic factors that cause variations in leaf area index among ecosystems
include precipitation, evaporation and leaf nutrient content.

« Leaf area index is not static with time. It changes markedly in deciduous plants
as they transcend from dormancy to full leaf and leaf fall. Subtle changes in
leaf area occur in evergreens as they drop and add leaves.

« Vertical profiles of leaf area need to be assessed to employ multi-layer models.
Distribution of leaf area varies with stand age of forests.

+ Methods to assess leaf area index are direct and indirect. Indirect methods

depend on light transmission or reflection theory and can be assessed with
hand held instruments or satellites peering down from space.
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Class Enrichment

» Go to the MODIS web site

— http://www.modis.ornl.gov/modis/index.cfm

» Download and plot annual trend of LAI for
— conifer forest
— deciduous forest
— Tropical forest
— Grassland
— (follow data links)

* Discuss differences/similarities in trends and
magnitudes

ESPM 129 Biometeorology

55



