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Summary
Handheld chlorophyll meters have proven to be useful tools for rapid, non-
destructive assessment of chlorophyll and nutrient status in various agricultural and
arborescent plant species. We proposed that a SPAD-502 chlorophyll meter would
provide valuable information when monitoring life cycle changes and intraspecific
variation in endangered plant populations, whereby, destruction of plants to obtain
this information is impractical. Further, use of this instrument would augment leaf
morphometric measurements collected during controlled studies, circumventing the
need for leaf harvest. We developed a regression model relating foliar chlorophyll
concentration and content to SPAD chlorophyll content indices for a genetically
diverse population of the federally listed Lindera melissifolia. Application of the
regression to four additional L. melissifolia populations, and to the ecologically
widespread congener L. benzoin, proved the SPAD-502 to be an effective tool for
non-destructive estimation of total foliar chlorophyll concentration (r2 ¼ 0.8230)
and content (r2 ¼ 0.9029) across a range of plant ages, growing conditions, and
genotypes.
Published by Elsevier GmbH.

Introduction

Methods used to monitor and assess threatened
and endangered plants often are limited to non-
destructive techniques in order to minimise dis-
turbance to naturally occurring populations. In
turn, emphasis is placed on morphometric mea-
surements, such as stem height, leaf number, leaf
area, and stem diameter, then supplemented by
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qualitative descriptions of life cycle phenology.
However, when studying threatened and endan-
gered plant species, a potentially useful and
perhaps under utilised instrument, is the SPAD-502
chlorophyll meter (Konica Minolta, Tokyo, Japan).
This instrument provides a rapid, non-destructive
method for estimating foliar chlorophyll and other
related variables, thus providing an avenue for
immediate assessment of physiological variables,
and for monitoring physiological changes over time.

Chlorophyll meters are used extensively in agricul-
ture for estimation of foliar chlorophyll and nitrogen
in numerous crop species (Marquard & Tipton 1987),
as well as, arborescent species (Sibley et al. 1996).
On the other hand, some researchers have presented
evidence of inherent limitations in the use of
chlorophyll meters, finding that mathematical rela-
tionships between SPAD-502 readings and foliar
chlorophyll and/or nitrogen may vary with plant
growth stage (Chapman & Barreto 1997), growing
conditions (Campbell et al. 1990), growing season
(Bullock & Anderson 1998) and genotype (Sibley et al.
1996). The predictive value of SPAD-502 readings has
also been found to be of limited use when applied
across species (Marquard & Tipton 1987).

The objective of our research was to determine
the mathematical relationship between SPAD-502
readings and total foliar chlorophyll for plants of the
federally endangered shrub Lindera melissifolia
(Walt.) Blume with differing origin (naturally occur-
ring vs. micropropagated), ontogeny, and growing
conditions. Further, we investigated mathematical
relationships across species with the ecologically
widespread congener L. benzoin (L.) Blume.

The success of plant conservation efforts is often
measured by establishment and protection of self-
sustaining populations. We propose that if utility
outweighs limitations, the SPAD-502 chlorophyll
meter will provide a necessarily needed non-
destructive technique for quantifying physiological
variables and temporal changes in L. melissifolia
that reflect trends in the general health of the
population. This approach may then prove to be
useful in plant conservation efforts for other
threatened and endangered plant species where
destructive research and monitoring techniques are
unlawful or impractical.

Methods

Chlorophyll measurement and extraction

Source plants used to develop the regression
originated from micropropagation of Lindera me-

lissifolia stockplants (20 genotypes) collected from
selected bottomland forests in the Lower Mississippi
Alluvial Valley (Hawkins et al. 2007). Micropropa-
gules were grown for approximately six months in
a climate controlled greenhouse with a 14 h light
(X300 mmolm�2 s�1):10 h dark photoperiod and
mean temperature of 7876 1C. On 13 December
2005, one fully developed leaf was harvested from
each of 75 randomly chosen L. melissifolia plants.
Three readings were taken with a SPAD-502
chlorophyll meter between the base and apex of
the left half of each leaf blade, and the mean
chlorophyll content index (CCI) reading was re-
corded.

A 0.08 cm2 disk was cut from each leaf blade half
and weighed to the nearest 0.001 g. Leaf disks were
immediately placed in vials containing DMSO, and
chlorophyll extraction followed the methods out-
lined by Hiscox and Israelstam (1979). Total
chlorophyll concentration and content were deter-
mined with a Spectronic 21D spectrophotometer
using equations derived by Barnes et al. (1992) for
DMSO extraction of chlorophylls a and b.

Leaves were harvested from four additional
L. melissifolia populations and one population of
L. benzoin to test the applicability of the regression
developed from the initial L. melissifolia leaf
harvest. Table 1 summarises harvest abbreviations,
collection dates, ages, locations, and growing
conditions for plants from which these leaves were
harvested. Leaf harvesting, measurements, and
chlorophyll extraction followed the same protocol
as that outlined for leaves collected on 13
December 2005.

Statistical analysis

Regression analysis was used to evaluate the
relationship between extracted chlorophyll values
(dependent variable) and SPAD CCI (independent
variable) using only LMC (L. melissifolia, climate
controlled) samples. We evaluated actual values
and estimated values (fitted from the LMC based
equations) separately for LM1 (L. melissifolia,
bottomland forest), LM2 (L. melissifolia, 95%
shade), LM3 (L. melissifolia, 63% shade), LM4
(L. melissifolia, 30% shade), and LB (L. benzoin,
bottomland forest). Mean chlorophyll content (mg/
cm2) and chlorophyll concentration (mg/g) among
harvests were compared by a one-way analysis
of variance (ANOVA; factor ¼ plant population,
variable ¼ chlorophyll). Protected least signifi-
cant difference test (PLSD, p ¼ 0.05) was used as
the multiple comparison procedure. The SAS
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procedures GLM and REG were used to perform
statistical analyses (SAS Institute 2001).

Results

Actual mean foliar chlorophyll concentration
ranged from 2.570.11mg/g to 7.6870.36mg/g,
and mean foliar chlorophyll content ranged from
0.0270.00mg/cm2 to 0.04+0.00mg/cm2 among all
harvested leaves (Table 2). Mean chlorophyll con-
centration for LM1, LM2, and LB was significantly
greater than that of LMC, LM3, and LM4. Mean
foliar chlorophyll content for LM2 was significantly
greater than that of all other harvested leaves
(Table 2).

Using the LMC leaves to develop a regression,
several models were tested to describe the
relationship between chlorophyll variables and
SPAD CCI. Best fit was a second order polynomial
relating SPAD CCI to chlorophyll content (Figure 1)
or chlorophyll concentration (Figure 2). There were
no significant differences in slope or intercept
among regression estimates and actual chlorophyll
concentration for LM1, LM2, LM3, and LM4; how-

ever, the slopes for actual and estimated chlor-
ophyll concentration for LB were statisti-
cally significant (Table 3). Slopes for actual and
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Table 2. Range of SPAD-502 readings, mean (7SE)
chlorophyll concentration (mg/g) and chlorophyll con-
tent (mg/cm2) for leaves of Lindera melissifolia (LMC,
LM1, LM2, LM3, LM4) and L. benzoin (LB).

Population SPAD range Chla+b (mg/g) Chla+b (mg/cm2)

LMC 3.8–47.3 2.5070.11a 0.0370.00a

LM1 13.4–37.5 3.5770.23b 0.0270.00a

LM2 33.6–44.6 7.6870.36c 0.0470.00b

LM3 25.7–36.1 2.5970.08a 0.0370.00a

LM4 22.8–35.9 2.6170.13a 0.0370.00a

LB 22.0–45.4 4.4870.31d 0.0370.01a

Within a column, values with different lowercase letters are
significantly different (po0.05, LSD).

y = 2E-05x2 + 1E-04x + 0.0038
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Figure 1. Relationship of extractable foliar chlorophyll
content (LMC) determined by spectrophotometry and
fitted values (LM1, LM2, LM3, LM4, LB) with SPAD-502
readings (CCI).

Table 1. Plant age, leaf sample size, leaf collection date, leaf collection location, and plant growing conditions for
Lindera melissifolia and L. benzoin from which leaves were harvested for SPAD-502 measurements and chlorophyll
extraction.

Population Age N Collection date Locationa Growing conditions

L. melissifolia (LMC)b 6 months 75 2005-December Washington Greenhouse
L. melissifolia (LM1) 41 yr 20 2006-June Bolivar Bottomland forest
L. melissifolia (LM2) 1 yr 10 2006-June Sharkey Ambient, 95% shade
L. melissifolia (LM3) 1 yr 10 2006-June Sharkey Ambient, 63% shade
L. melissifolia (LM4) 1 yr 10 2006-June Sharkey Ambient, 30% shade
L. benzoin (LB) 41 yr 20 2006-June Bolivar Bottomland forest

aMississippi counties.
bMicropropagated plants.
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Figure 2. Relationship of extractable foliar chlorophyll
concentration (LMC) determined by spectrophotometry
and fitted values (LM1, LM2, LM3, LM4, LB) with SPAD-502
readings (CCI).
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estimated chlorophyll content for LM1 were sig-
nificant (Table 3).

Discussion

Among harvests, foliar chlorophyll concentration
(mg/g) for Lindera melissifolia generally increased
with decreased light availability. With the excep-
tion of LM2, the range of values for chlorophyll
concentration was comparable to that reported for
12 Acer rubrum L. cultivars (Sibley et al. 1996).
Further, chlorophyll concentration for LMC, LM1,
LM3, and LM4, and chlorophyll content for leaves of
all L. melissifolia and L. benzoin harvests were
similar to that reported for two clones of Populus
deltoides Bartram ex. Marsh (Moreau et al. 2004).

The non-linear relationship between total ex-
tractable chlorophyll and SPAD CCI is consistent
with that reported by other researchers (Abdelhamid
et al. 2003). Further, Marquard and Tipton (1987)
reported a better correlation between SPAD CCI
and total extractable chlorophyll per unit area,
rather than per unit of weight, citing decreased
accuracy of chlorophyll estimation at high SPAD
CCI. This has been attributed to the sieve effect
which results from chlorophyll being less uniformly
distributed in high chlorophyll leaves due to
increased chlorophyll density in chloroplasts,
rather than an increase in the number of chlor-
oplasts (Terashima & Saeki 1983). Although the
relationship between SPAD CCI and foliar chloro-
phyll per unit area was slightly stronger than that
on a per weight basis in our study, sieve effect
did not appear to have a detrimental impact on
the accuracy of estimated values. Our regression
explained 90% of variation in the chlorophyll
content-SPAD CCI relationship, and 82% of variation
in the chlorophyll concentration-SPAD CCI relation-
ship. On the other hand, the significant difference
in slopes for estimated and actual chlorophyll

concentration for LB suggests some decreased
accuracy on the upper end of SPAD CCI values.
Similarly, slopes for estimated and actual chlor-
ophyll content in LM1 suggest some decreased
accuracy on the lower end of SPAD CCI values.

Sibley et al. (1996) described the SPAD-502 as a
reliable tool for estimation of chlorophyll content
in A. rubrum cultivars grown under similar environ-
mental conditions, but cautioned against use of the
equation for cultivars grown in a different environ-
ment. In our study, the SPAD-502 proved to be an
effective tool for estimating total foliar concentra-
tion and content in plants of L. melissifolia across a
range of plant ages, growing conditions, and
genotypes, as well as, in the congener L. benzoin.
However, different SPAD-502 meters may give
different meter values (Huang & Peng 2004) and
we suggest standardisation of a calibration curve
prior to use on a plant population. Once this is
determined, the SPAD-502 chlorophyll meter may
be used to gauge the progress of conservation
practices by assessing and monitoring physiological
variables that reflect the relative health of
threatened and endangered plant species.
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