The length of collard production
in the southeastern regions tested was
limited because of the planting dates
selected. Collards were not produced
for=11 weeks from late winter to early
spring and for 6 weeks in the summer,
Furtherwork is needed to determine if
earlier and later planting dates would
extend the production season to fill in
those gaps.

This study demonstrated that the
wide range of environmental condi-
tions present in Georgia and the Caro-
linas allows production of collards
during most of the year. Thus, if coop-
erative marketing can be developed to
“hold” the markets longer, the south-
castern production location could be
shifted throughout many regions. This
research indicates that, if growers and
buyers from the southeastern United
States cooperate, pool resources, and
develop regional plantings, their posi-
tion in the collard market could be
strengthened.
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A Nondestructive
Image Analysis
Technique for
Estimating
Whole-tree Leaf
Area

Patricia A. Lindsey' and
Nina L. Bassuk?

Additional index wovds. video imagery,
microdensitometry, silhouette area

Summary. The development of a
rapid, accurate, yet nondestructive
technique for expressing whole-tree
leaf area would be extremely useful in
studying various growth phenomena
in trees. The objective of this research
was to evaluate the accuracy of an
image analysis process adapted for
estimating the leaf surface area of four
broad-leafed tree species (Amelanchier
L. ‘Robin Hill Pink’, Tilia americana
L. ‘Redmond’, Sophora japonica L.
‘Regent’, Fraxinus americana
L.‘Autumn Purple’ and Fraxinus
pennsylvanica Marsh.). Video images
of photographs taken of each tree
canopy were quantified by an image
analyzer into unitless surface area
values or silhouette areas. The
relationship between estimated leaf
area as calculated from silhouette area
and actual leaf area of these trees as
determined by a leaf area meter was
highly correlated. Use of this tech-
nique would enable a researcher,
simply from serial photographs of the
canopy, to retroactively estimate leaf
or canopy area at crucial interim
periods.

T he study of various growth
phenomena and canopy ex-
change processes in trees often
requires repeated estimations of leaf
area over time. No one method pres-
ently offers the researcher a quick,

nondestructive, and yet accurate pro-
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* Associate Professor/Program Leader.

Urban Horticulture Institute, Cornell Univ., Ithaca,
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Delta-T, and Ron White for lis technical assistance.

cess for quantifying leatarea at interim
periods of growth during the course of
an experiment.

Current nondestructive methods
for determining leaf areas of woody
plants are few and include: defining a
mathematical relationship between the
length and /or width of a leaf laminae
and leaf area (Ackley et al., 1958;
Sepulveda and Kliewer, 1983); foliar
arca estimated by regression with
sapwood cross-sectional area (Rogers
and Hinckley, 1979; Waring et al.,
1982); correlating shoot leaf area with
stem length (Johnson and Lakso,
1985); correlating the volume of plant
shoots obrained through water dis-
placement with either fresh plant
weight (Burdett, 1979; Johnson,
1983) or planimetrically traced needle
area (Johnson, 1984 ). Unfortunately,
these methods require tedious cali-
bration for individual leaves, cultivars,
or canopy types; can still require
knowing the total number of leaves on
a tree; or are applicable only to certain
species or a specific size of plant mate-
rial. Importantly, these methods offer
only an indirect estimation of canopy
size.

New and more promising proce-
dures involve various image analysis
systems that have been used to estimate
a range of plant indices other than leaf
area. Plant size, as documented pho-
tographically, was highly correlated
with both fresh and dry weight of
Chrysanthemum morifolium (Sydnor et
al., 1975). The percent sky visible on
hemispherical photographs of apple
tree spur shoots was correlated with
levels of photosynthetically active ra-
diation in the canopy (Lakso, 1976).
An attempt has been made to relate
geometric volume ofapple trees repre-
senting six distinct canopy forms to
calculations derived from photographs
digitized on a computer (Miller and
Lightner, 1987). Film density was
correlated with percent shade as de-
termined by a pyranometer for five
woody shade tree species (Gardner
and Sydnor, 1987), and used to de-
termine meaningful differences in
winter crown density for three other
tree species (Wagner and Heisler,
1986).

In all of the above studies, the
images were analyzed using computer-
controlled scanning microdensitom-
eters, which enable the user to digitize
the photographic image into isolated
moments or pixels. While this system
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was used previously to quantify root
length (Vorhees er al., 1980), recent
and more sophisticated variations have
been used to determine percent
groundcover of crops from overhead
slides (Thomas et al., 1988}, to quan-
tify growth of micropropagules in vitro
(Smith et al., 1989), and to evaluate
tree canopy color (Headley and Mower,
1990). These svstems, because oftheir
complexity, are quite cxpensive and
usually are custom-developed for spe-
cific applications, While they do allow
further manipulation and resolution
of the image, especially when coupled
to image analysis software, it is not
clear that these additional capabilities
are needed for a determination of leaf
area.

A simpler, less-expensive com-
mercially available scanning micro-
densitometer (the Delta-T Devices
Area Meter, Decagon Devices, Pull-
man, Wash.) is not computer-driven
and does not have digitizing capabili-
ties but seems to hold great potential.
The Delta-T consists of a video moni-
tor coupled to an area meter that pro-
cesses the signal (image ) received by a
black-and-white video camera. Sim-
ply, a video image is taken of a
tree (in this case a photograph is used)
and then transferred to the monitor.,
When the arca meter is set in the area
mode, the image is scanned line by
line. A threshold level then is ser by the
user. This determines the gray level at
which the fraction of every line in a

Step Two: IMAGE PROCESSING

scanned image reads as either black or
white. A schemartic diagram of the
process described in this paperis shown
in Fig. 1.

By manipularing the threshold,
the user recreates on the monitor a
scanned image of the tree that is su-
perimposed over the original video
image of the tree, Feedback as to the
accuracy of this re-created image is
immediate because the result of each
threshold setting can be confirmed
visually on the screen (Fig. 2). A
counter totals the scanned line frac-
tions to give the percent of the total
viewing field that is composed of tree
canopy. This percent density is a
unitless quantification of the area of
the object on the screen and has been
labeled the silhouette area (SA) by
Carter and Smith (1985). The term
SA evolved from an understanding
that, in a three-dimensional canopy,
certain portions of leafarea will remain
“unseen” due to leaf overlap, result-
ing in an underestimation of actual
leaf surface area, while inclusion of the
stem results in an overestimation.

The Delta-T more commonly has
been used with the area meter set in
the length mode to obrain root length
measurcments of herbaceous and
woody seedlings ( Barnettetal., 1987,
Cunningham et al., 1989; Harris and
Campbell, 1989). However, if set in
the area mode, Diebolt and Mudge
{1988) found that when small Pinns
sylvestris L. scedlings were videoed

Step One:

directly, the resulting silhouette arca
was correlated highly with more con-
ventional methods of indirectly esti-
mating needle surface area, such as
needle dry weight and volume dis-
placement. In the study above, sil-
houette area was related o acrual leaf
surface arca by using wires and paper
squares of known area in the viewing
field. Using just the unitless silhouette
arcavalues, Green and Watson ( 1989)
attempted to distinguish significant
differences in crown development
among 6.25-cm caliper Acer saccha-
rim Marsh. trees.

This paper compares current pro-
cedures for calculating leaf area and
describes a process for calculating the
two-dimensional leaf area of an intact
tree using photographs and the Delta-
T video imaging system. This image-
derived leaf area was compared with
values obtained by passing the leaves
through a leaf-area meter.

Materials and methods

The method entailed three steps:
1) photography; 2 ) image processing,
from which leaf area is estimated: and
3) determination of actual leaf area
with a leaf-area meter. A total of 150
trees were used to evaluate the effec-
tiveness and accuracy of this image-
analysissystem. Thespecies represented
a range of mean arcas per leaf, leaf
arrangement, and canopy size. Because
of differences in canopy height, how-
ever, the trees were divided into two

PHOTOGRAPHY _ ~

Video Camera L .
Camera prezs =
Monitor - - E:u
O, lel 0 h
Area Meter Lightbox Tripod Fixed Distance

Fig. 1. A schematic diagram of the image analysis technigue for determining the leaf surface avea of a tree canogy. Not to scale.
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Fig. 2. A serial of the scanned image of an ash tree as the appropriate threshold level is achieved. (Left) 100.0% white (percent shown at the top right
side of each frame). (Middle) As the threshold is decveased, less of the background image reads as white. (Right) Just the actual tree canopy is
illuminated by scan lines (vepresenting 33.3% of the entive frame).

groups for photographing. The dis-
tance between the camera and the tree
must be kept constant to maintain a
consistently sized photographic frame
from which to estimate actual leaf sur-
face area (explained further in the sec-
tion on scaling). Group two trees had
less height, and the camera was moved
closer to the tree to capture more fully
the canopy in the photographic frame.

Group one consisted of 54 trees,
18 trees each (10- to 40-mm stem
caliper, 1.4 to 2.5 m high) of Asmel-
anchier‘Robin Hill Pink’ /serviceberry,
Tilin americana ‘Redmond’ /linden,
and Fraxinus americana ‘Autumn
Purple’ /white ash. Group two con-
sisted of 96 trees, 48 trees each (15- to
20-mm stem caliper, 1 m high) of F.
pennsylvanica/green ash and Sophora
Japonica ‘Regent’ /pagoda tree. Gen-
eral leaf and canopy parameters for
cach species are given in Table 1. For

illustrative purposes, leaf shapes and
canopy forms for Group one are shown
in Fig. 3.

Group one

The photographic frame for
Group one trees was set up to accom-
modate the largest tree canopy. This
distance, 4 m from the camera lens to
the outer facing edge of the tree con-
tainer, was kept constant. Each tree
was photographed in full leaffour times,
turning the container 90° while in
place, against a 2.5 x 5-m-wide sheet
of Widetone Photographic paperinan
indoor area with ceiling-mounted
fluorescent lights. A 35-mm Canon
AE-1 programmable camera with a
50-mm, 1.8 lens mounted on a tripod
was used. To accommodate the low
indoor light levels yet maintain an
adequate depth of field, an f-stop of
5.6 was maintained as a constant by

Table 1. Leaf and canopy parameters for five tree species.

Stem
caliper Ht
Tree (em) (m)

Overall canopy Mean area/
area (cm®) leaf
Min Mean Max (cm?)

Group one

Amelanchier

Robin Hill Pink 14 1.8-3 1,909 7,466 15,343 10.91
Tilia americana

Redmond 1-3.1 1.4-2.5 2,331 5,263 7,543 46.62
Fraxinus americana

Autumn Purple 12-3 1424 2,284 10,170 15,197 14.24

Group two

Sophora japonica

Regent 0.68-0.8 1 666 2,346 4,347 1.24
E. pennsylvanica 0.6-0.8 1 1,246 3,112 5,901 10.44

manipulating shutter speed. The film
used was Kodak Tri-X Pan, 400-ASA
black-and-white negative film selected
for its fine grain and medium- to high-
contrast capabilities.

All film was processed into nega-
tives and prints using recommended
Kodak development and printing
techniques and materials. Kodak
Microdol-X developer was selected as
a fine-grain developer that produces
excellent resolution of detail (Kodak,
1976). The negatives then were en-
larged by 98% into a 12.5 x 17.5-cm
format and printed onto Kodak
Kodabromide Resin Coated f-5 grade
paper, which allows small, dense nega-
tives to be enlarged to high magnifica-
tion without a resulting loss of reso-
lution (Kodak, 1973).

Group two

For the second group of trees,
Kodak Technical Pan 2415 black-and-
white film set at ASA 100 was used.
This film was selected because of its
extremely high-contrast abilities and
fine grain, even as compared with Tri-
X Pan. Tech Pan was designed as a film
with high-contrast control, especially
useful for bringing out low-contrast
subjects (Gardner and Syndor, 1987;
O’Neill, 1984 ). The negatives were
developed according to Kodak speci-
fications using D-19 developer, noted
for having a high-contrast index
(Kodak, 1976). Prints were not devel-
oped for this group-only the negatives
were analyzed. The distance between
the camera and cach tree was kept
constant at 2.8 m. The setup was as
described for Group one trees.
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Amelanchier ‘Robin Hill Pink’

Fraxinus americana ‘Autumn Purple’

)

Tilia americana ‘Redmond’

Fig. 3. High-contrast photographic images of each species in Group one, along with the leaf/leaflet of each. Tree silhouette and leaves ave not to scale.

Results

Each photographicimage for both
groups of trees was then analyzed. The
Delta-T Area Meter was linked to an
RCA(TCI 115) black-and-white video
monitor and an RCA (TC 2011/U)
18-mm vidicon camera mounted with
a Nikon 55-mm, f-2.8 micro lens (Fig.
1). The camera was mounted on a
copy stand and directed downward to
a41 x61-cm light box containing two
rows of double-tubed fluorescent
lights. Tlluminating the photographs
and negatives from underneath was
necessary to achieve maximum con-
trast between the tree canopy and the
background, maximizing the detection
of the canopy outline. To diffuse the
light and eliminate glare, a sheet of
chromatography paper was placed
between the double-paned glass. Both
the negatives and the prints then were
mounted directly on the light box
perpendicular to the video cameralens.

The Delta-T meter readout was
set to the area mode and calibrated to
giveapercent reading. Additional front
panel controls allowed setting of the
measurement period and a multiplier
(x27), both of which adjust the read-
out by factors of two in order to give
an area readout of 1000 (e.g., a mea-
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sured reading of 0175 really means
17.5%). For negatives the threshold
level was set at the extreme end to read
white at 1000 (100.0%). This setup
assumed a transparent photographic
image ofa “white” tree canopy against
a “black” background. The f- stop for
the video camera was set at 8, the
aperture that seemed to best accentu-
ate detail, as confirmed visually on the
monitor image. A threshold level was
established initially with one negative
and is the one that resulted in most if
not all of the photographic image
being matched with overlaid scan lines
(Fig. 2). This threshold level then was
held constant for all of the negatives.

Precise focusing at this point was
crucial for maximum resolution. The
SA then was recorded from the digital
readout. SA is the quantification, on a
percent basis, of the amount of white

(in this case leaf area) that is being

viewed on the screen. The prints were

processed similarly to the negatives.

However, the readout was calibrated

to read black at 100.0%. This proce-

dure was set up to read a photographic

image ofa “black” tree canopy against

a white background. The mean SA

from four readings per tree, from both

negatives and prints, then was calcu-

lated.

In the final step, each of these
mean SA values that were derived both
from negatives (Groups one and two)
and prints (Group one) must be con-
verted to a value expressing the actual
life-size canopy. It is necessary to es-
timate then how much actual leaf
surface area is displayed on the moni-
tor screen. The following calibrations
enable the conversion of the unitless
percent SA number given by the Delta-
T into the quantity of estimated leaf-
surface area being viewed.

Scaling from the negative for
Group one trees. A) The scale of a
negative taken with a 50-mm lens is
calculated as the representative frac-
tion (Avery, 1977).

Camera focal length (50 mm) = 5 cm

Distance from camera to tree 406 cm

Both are then divided by 5 cm to
vield the relationship

1 ¢cm on the negative = 81.28 cm in
reality (1:81.28)

B) The negative then is placed on
top of the light box with the video
camera recording the image and pro-
jecting it on the monitor screen. Now
that we have an image on the monitor,
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how do we scale this image? A square
frame that captures all of the canopy is
drawn with a black marker on the glass
surface of the light box (directly under
the negative). As much of the trunk
areain the negative as possible is elimi-
nated. These frame dimensions (1.1 x
1.5 c¢m) then were multiplied by the
value established in step A to obtain
the actual area inside the photographic
frame of the tree.

Frame: [(1.1 cm x 81.28) x (1.5
cm % 81.28)] = 10,886 cm?

C) To now derive the actual leaf
surface area from the percent SA read-
ing, SA was multiplied by the actual
frame area as calculated above. For in-
stance, if a mean SA of 43% was ob-
tained for a tree, 10,886 cm? is mul-
tiplied by 0.43 to obtain 4681 cm? of
estimated actual leaf surface area.

Scaling from the negatives for
Group twotrees. Negatives were scaled
in a similar manner except that the
distance from camera to tree was re-
duced for the smaller trees, as noted
previously

Camera focal length = _bcm
Distance from camera to tree  287cm

1 cm on negative =
57.4 cm in actuality

Frame; [(1.7 cm X 57.4 cm) % (2.3
cm X 57.4)] = 12,882 cm?

To derive the leaf surface area for a
given tree, this value, 12,882 cm?, is
multiplied by the mean percent SA.

Scaling from the prints. Only
Group one negatives were printed to
paper and subsequently analyzed. To
scale from the negatives to the prints,
an object of known size on the nega-
tive (in this case, the width of the
growing container) was compared with
the same object on the print. A 1:5
enlargement ratio was found. The
frame dimensions traced on the light
boxforthelargerprints (13.6X9.8 cm)
then were divided by 5

13.6cm+=5=2.7cm
98cm+5=1.96 cm

To derive the total area represented
inside the photographic frame, the
frame dimensions then are multiplied
by the 81.28-cm enlargement value
obtained in Step 1.
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Fig. 4. Graphs of the linear relationship between silhouette avea (SA) and actual leaf aven (LA),
so that LA = m(SA) + b, wheve m = slope of the line and b = y intevcept. Each regression was
significant at P < 0.01. The diffevence in Group one and Group two trees is the canopy-to-camera

lens distance, 4 and 2.8 m, vespectively.

2.7 cm (81.28 cm) x 1.96 cm
(81.28 cm) = 35,219 cm?

To calculate the estimated leaf surface
area for a given tree from the photo-
graph, this value, 35,219 cm?, is mul-
tiplied by the mean percent SA.

Each of the trees then was stripped
of all leaves, and the leaves were passed
through a LI-COR model 3100 Leaf
Area Meter (LI-COR, Lincoln, Neb.)
to obtain the total actual leaf surface
area.

Results and discussion

The use of silhouette avea as an
estimator of actual leaf avea. For all
five species, a simple linear regression
model was determined, actual leafarea
(dependentvariabley) being regressed

with SA (independent variable x) to fit
astraightline (Fig. 4). The regressions
were derived from SA values expressed
in square centimeters and represent-
ing the mean of four negatives of each
tree. All the regressions exhibited a
highly significant linear relationship
between SA and leaf area for each
species, indicating that SA is an excel-
lent estimator of actual leaf surface
area for these species within the range
of canopy sizes examined, 600 to
>15,000 cm? of leaf surface area.

The use of prints vs. negatives. 1f
negatives are as accurate as high-con-
trast prints in the SA values obtained,
itwould be much less time-consuming
and more efficient to eliminate the
printing-to-paper step in the develop-
ment process, and just use negatives.

HortTechnology + Jan./Mar. 1992 2(1)

$S900E 93l} BIA |L0-60-GZ0Z e /wod Aioyoeignd-poid-swd-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



