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Introduction

Formation of rosette leaves is one of the strategies
for perennial or biennial plants to survive a cold
winter and to grow rapidly in early spring (Hayashi
and Numata, 1967). Several species, e.g., dandelions
(Genus Taraxacum) and plantains (Genus Plantago),
have rosette leaves only. In horticultural cultivars of
flowering plants, rosette formation is a serious

problem for commercial value. Low temperature and
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dry conditions reportedly induce rosette formation in
many cases, leading to abnormality or cessation of
flower development. Thus, methods that prevent
rosette formation, as well as the factors that induce it,
have been studied from the viewpoint of growth
environment and physiology (e.g., Fukuda et al.,
1994; Takezaki et al., 2003; Yamashita and Imamura,
2007).

It is difficult to measure the area of rosette leaves

without digging up the whole plant. This is because



Figure 1 Ainsliaea apiculata.
Photographed in Yamanashi Prefecture

in October 2015.

they are radical leaves that foliate radially from the
base: many leaves are crowded and lie next to one
another, which makes it difficult to distinguish
individual image

leaves by analysis.  This

inconvenience prevents non-destructive
measurements of growth of rosette plants, especially
endangered species or plants in wildlife reserves
where collection is prohibited. Therefore, a simple
method to estimate leaf area is needed for the study
of rosette-leaved plants.

We focused on Ainsliaea apiculata (Asteraceae)
(Figure 1) as a model rosette-leaved plant. This
species is distributed widely in Japan and produces
small evergreen rosette leaves (Ohwi, 1992; Hori and
Yokoi, 1999), which facilitates identifying its growth
area and measurement. Since 4. apiculata reportedly
shows intra-specific morphological variation in leaf
shape (Tsukaya et al., 2007), a method to estimate
leaf area will be of use to reveal further intra-specific
variation.

In the present study, we measured the individual
leaf area and also the sizes of various parts of the leaf

as explanatory variables in 4. apiculata. Based on

J

Figure 2 Leaf traits in Ainsliaea apiculata.

L: leaf lamina length, W: leaf lamina width,
Sd: sinus depth, Sw: sinus width, and P:
petiole length.

our examination of the estimation accuracy, a simple
method sufficient to estimate leaf area will be

recommended.

Methods

We surveyed areas at the western foot of Mt. Oyama
at elevations from 400 to 840 m of Mikura-jima
Island of the Izu Islands, Japan, where 4. apiculata is
common.

In the summer of 2012, six sites where the species
grew abundantly were surveyed. One or two normal
ramets per site were selected, and four or more leaves
per ramet were photographed (42 leaf images from 7
ramets in total). Based on the images of individual
leaves at a resolution of 400 dpi (i.e., 0.0635 mm per
dot), the traits of leaf lamina length (L), leaf lamina
width (W), sinus depth (Sd), sinus width (Sw), petiole
length (P) and individual leaf area were measured
2) with a Motic 2.0S

image-processing software (Speed Fair Co. Ltd.,

(Figure Images Plus
Hong Kong, China). For aboveground growth, length
of flower stalk, number of leaves and petiole length
of each leaf were also measured based on the images.

For the non-destructive estimation of individual
leaf area, linear regression models were examined

employing measurements of the traits of leaf lamina
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Table 1

Accuracy of estimating individual leaf area (y) by leaf traits

(x). A linear regression model, y =ao+aixi+axx2, was applied.

Explanatory variables Estimated coefficients R? P
X X2 A a) (203 (n=42)
L’ - 0.967  0.505 - 0.894 <0.0001
L’ Sd’ 1.058 0469 2484 0.901 <0.0001
w’ - 0.079  0.802 - 0.942 <0.0001
w’ Sw’ 0.030 0.856 -0.152 0.944 <0.0001
LxWw - 0.254 0.679 - 0.977 <0.0001
LxW  Sd XSw 0.237 0.688 -0.123 0.978 <0.0001

(L, W, Sd and Sw) and petiole (P) as explanatory
variables. Linear models combining the traits in six
ways (employing L?; L?> and Sd?; W?; W? and Sw?;
LxW; LxW and SdxSw) and an allometric estimation
employing P were examined. The accuracy of the
estimation was evaluated by the coefficient of

determination (R?).
Results

The accuracy of estimating the area of individual
leaves by leaf lamina traits is demonstrated in
Table 1. Estimation employing merely L? showed
the lowest accuracy (R? = 0.894), while employing
L?> and Sd?> showed slight improvement (R? =
0.901).

appropriate since the wvalue of the estimated

However, these traits do not seem
coefficient for a, (Sd?) was positive (Table 1), but
it should have a negative relationship to individual
leaf area. Estimation employing merely W? showed
higher accuracy (R? = 0.942), and employing W?
and Sw? showed slight improvement (R? = 0.944).
Estimation employing LxW showed even higher
accuracy (R? = 0.977), and employing LxW and
SdxSw showed slight improvement (R? = 0.978).
The value of R? for each of the six types of
42, p

<0.0001). The last four types seem appropriate

estimation was significant (F-test, n =

since the value of the estimated coefficient for a
(Sd?, Sw? or SdxSw) was negative (Table 1), but
employing a, proved to have a small effect on
improving the accuracy of estimation.

Estimation employing petiole length (P) is shown

in Figure 3. Between individual leaf area (y) and P
(x), a strong allometric relationship (y = 1.632 x!073,
R? = (0.884; F-test, p <0.0001) was observed, with an
accuracy as high as the abovementioned estimation
employing L2.

Since individual leaf area could be approximately
estimated only by P, leaf area of every leaf was
estimated using the petiole length from the data for
aboveground growth. Then, by summing up the
estimated individual leaf areas, we aimed to obtain
leaf area per ramet.

Table 2 shows the aboveground growth of each
ramet. The number of rosette leaves and length of
flower stalk were measured directly, while leaf area

was an estimation based on petiole length. Leaf area

per ramet was estimated as 62.9£16.9 cm?
(mean+SD).  Coefficient of wvariation (CV;
20
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Figure 3 Allometric relationship between
individual leaf area and petiole length in

Ainsliaea apiculata.
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Table 2 Aboveground growth of individual

Ainsliaea apiculata ramets. Leaf area was
estimated using the allometric relationship of

Figure 3 between individual leaf area and petiole

length.
Elevation Estimated Number of Length of
leafarea rosette leaves flower stalk
(m) (cmz) (cm)

400 76.8 19 94

500 67.8 17 17.0

600 (No.1) 71.7 17 18.6

600 (No.2) 41.9 15 9.3

700 59.6 23 12.4

800 83.0 14 22.7

840 39.1 12 16.3

Mean 62.9 16.7 15.1

+sd 16.9 3.6 4.9

CV (%) 26.9 21.5 32.7

SD/meanx100) of the leaf area was 26.9%, which
was between the CV for the number of rosette leaves
(21.5%) and for the length of flower stalk (32.7%).

Discussion

Our findings showed that individual leaf areas of 4.
apiculata can be estimated accurately by measuring
leaf lamina traits. The more precisely the leaf size
was measured (going from one to four traits), the
more the accuracy of estimation improved (from R? =
0.894 to 0.978; Table 1). However, increasing the
number of leaf traits to be measured is not feasible in
field surveys: it requires more time and effort, and it
is often impossible to measure all traits perfectly
because of damage from herbivores or other factors.
Many studies have used simple methods to estimate
leaf area as a result of leaf damage (e.g., Trapp and
Hendrix, 1988). For this reason, we favored the
estimation employing only petiole length.

The petiole is a supporting structure of the leaf
lamina, and therefore must be stable and persistent in
response to various environmental factors. Petiole
diameter is also reported to have a strong relationship
to leaf size, probably to retain a sufficient number of
conductive vessels (Yamada et al., 1999). In our field
survey, we often observed intact petioles with the

leaf lamina partially or wholly damaged. In other

words, though not extremely accurately, petiole
length will provide an estimate of intact individual
leaf area, even after the leaf lamina has been
worm-eaten or defoliated. Measurement of basal
petiole diameter, in addition to petiole length if
possible, is expected to improve the accuracy of leaf
area estimation.

Leaf area per ramet was estimated to be
62.9£16.9 cm? with a CV of 26.9% (Table 2). This
estimation takes into consideration partially
worm-eaten lamina, because it was not estimated
from leaf lamina traits; it might therefore be
overestimated to some extent over actual leaf area.
However, since other measurements of aboveground
growth showed a similar CV (21.5% in the number of
rosette leaves and 32.7% in the length of flower
stalk), the estimation of leaf area per ramet is
considered fairly appropriate.

However, it has been reported that growth
environment alters petiole length and leaf area in
some species (e.g. Huber ef al., 2008). Leaf shape is
reported to require alterations to the coefficients of
leaf area estimation models in Saussurea stoliczkai
(Wang and Zhang, 2012). Although A. apiculata
generally grows in the relatively uniform
photo-environment of a shaded forest floor (Ohwi,
1992), intra-species geographic variation in its leaf
shape has been reported (Tsukaya et al., 2007).
Consequently, individual leaf arecas and petiole
lengths of several ramets should be measured in order
to find an appropriate estimation equation for other

Survey areas.

Conclusions

In rosette leaves, it is difficult to measure the leaf
area non-destructively. In the present study, we
measured the individual leaf area, and also measured
the sizes of various parts of the leaf as explanatory
variables by image analysis, in order to find and
examine estimation equations for individual leaf area
in A. apiculata (Asteraceae).

Seven ramets from six elevations in the same
region, Mikura-jima Island of the Izu Islands, Japan,

were selected. Four or more intact leaves per ramet
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were photographed. Individual leaf area, leaf lamina
traits (leaf lamina length (L), leaf lamina width (W),
sinus depth (Sd), sinus width (Sw)) and petiole length
(P)) were measured with image-processing software
based on images at a resolution of 400 dpi. To assess
aboveground growth, length of flower stalk, number
of leaves, and petiole length of each leaf were also
measured. For the estimation of individual leaf area,
linear regression models employing the
measurements of the leaf lamina and petiole traits
were evaluated.

As a result, the more precisely the leaf size was
measured (going from one to four traits), the more
the accuracy of estimation improved (from R? =
0.894 to 0.978; p <0.0001). However, estimation
employing only petiole length (P)
accuracy of R? = 0.884 (y = 1.632 x'973, p <0.0001).

Increasing the number of leaf traits to be measured is

showed an

not feasible in field surveys, whereas petiole length
has the advantage of being easy to measure even if
the leaf lamina has been damaged.

Leaf area per ramet was estimated at 62.9+16.9
cm? with a CV of 26.9%, based on the petiole length.
This estimation is considered fairly appropriate, since
other measurements (number of rosette leaves and
length of flower stalk) of aboveground growth

showed similar values of CV.
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