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Abstract

The aim was to determine chlorophyll content index (CCI) and leaf chlorophyll (Chl a) content of a
rush, Juncus roemerianus, a grass Spartina alterniflora, and a tree, Rhizophora mangle,
occurring in coastal wetlands. Mean CCI values were 11.98 in J. roemerianus, 29.87 in S.
alterniflora, and 30.68 in R. mangle. Mean chlorophyll content was 8.85 ng/cm2 in J. roemerianus,
9.72 rrg/cm2 in S. alterniflora, and 4.68 ng/cm2 in R. mangle. Positive correlations between CCI
and Chl a content were found for J. roemerianus (Chl a = 4.936 + 0.396 CCI), for S. alterniflora
(Chla =3.429 + 0.208 CCI), and for R. mangle (Chl a = 1.406 + 0.099 CCI). The grass and
mangrove with flat leaves showed better correlation between the CCI and Chl a content than the
rush with cylindrical leaves.

Introduction

Chlorophyll Content Meters (CCM) have been on the market for about 15 years. Manufacturers
include Minolta SPAD (Konica Minolta 2003) and Opti-Sciences (2002). The Opti-Sciences CCM-
200 Chlorophyll Content Meter is marketed as an instrument that provides fast, accurate
chlorophyll readings on the intact leaves of plants and crops, without the need for grinding or
destructive chlorophyll assays. The measurement is rapid, accurate, and simple to obtain, making
it easier to gather and evaluate data faster than ever before. The CCM is useful for improving
nitrogen and fertilizer management, and is ideal for crop stress, leaf senescence, plant breeding,
health determination, and other studies. Furthermore, the affordability and ease of use make it an
exceptional teaching tool for botany and plant science courses (Opti-Sciences 2002). The CCM-
200 instrument uses calibrated light emitting diodes (LED) and receptors to calculate the
chlorophyll content index (CCI), which is defined as the ratio of percent transmission at 931 nm to
653 nm through a leaf sample (Apogee 2006, Richardson et al. 2002). CCI units can be easily
extrapolated to transmission measurements made with a spectroradiometer or remote sensing
measurements (Richardson et al. 2002).

CCM, in particular the Minolta SPAD 502, have been widely applied to assessment of CCl in crop
plants such as corn, wheat, cotton, rice, as well as other agricultural species (Stevens and Hefner
1999, Barraclough and Kyte 2002, Johnson and Saunders 2003, Schlemmer et al. 2005).
Research has focused on the application of CCI to understanding nutrient content, in particular
nitrogen, but also phosphorus in a variety of plant species (Markwell et al. 1995). Other studies
have demonstrated that irradiance levels may influence the CCI readings obtained (Hoel and
Solhaug 1998). Beyond applications to crop plants, CCM have not been well tested, with a
handful of studies using these instruments on trees or wetland plants (Farmer et al. 2005,
Liberloo et al. 2007). Because of the ease of application to obtain information on plant condition,
a wider range of species needs to be tested. The lack of information on how well CCM do when
applied to coastal wetland plants suggests an area of interesting environmental research.

Coastal intertidal wetlands in the Gulf of Mexico (GoM) are dominated by three species. In the
tropical region of southern Florida the red mangrove, Rhizophora mangle, is the main species
occurring on the seaward zone of mangals. In salt marsh dominated coasts along much of the



rest of the GoM, the main fringing species is the grass Spartina alterniflora, although in certain
areas the dominant species is black needle rush, Juncus roemerianus.

R. mangle is a subtropical/tropical tree up to 20m tall that has thick gray to gray-brown bark which
is ridged and scaly. The persistent leathery leaves are oppositely arranged, and are 5 to 15cm
long and 2.5 to 5cm wide. They are elliptical in shape, dark green on top, and paler below. Leaf
margins are smooth. This species is easily distinguished from other mangroves by the prominent
prop roots which extend into the water from higher up on the stem of the plant as well as by their
fruits or propagules, which are long and pencil-shaped. While these may resemble seed pods,
they are actually embryonic root structures (Hill, 2001).

Found in salt marsh habitats, S. alterniflora is a long-lived, warm season perennial that grows to
2m tall, and spreads extensively by long hollow rhizomes. Soft, spongy stems up to 1.7cm in
diameter emerge from the rhizomes. The flat leaf blades are typically 30 to 50cm long, tapering
to a long inward-rolled tip (Bush 2002). J. roemerianus is a moderate growing, bunch forming,
grass-like perennial rush. The plant is coarse and rigid, 0.5-1.5 m tall. The leaves are terete and
stiff, with 2-4 leaves per shoot. It is found growing in brackish marshes in dense zonal stands
(Skaradek 2007).

The aim of this paper is to evaluate the effectiveness of a commercially available CCM at
determining leaf chlorophyll (Chl a) content of these three intertidal wetland species.

Methods

| tested the CCI and Chl a content of leaves from three species of salt marsh plants found in the
Gulf of Mexico. S. alterniflora and J. roemerianus are important salt marsh species, while R.
mangle is the dominant mangrove tree in tropical coastal wetlands of this region.

1. Salt marshes

Young plants of S. alterniflora and J. roemerianus were germinated from seed in the Mississippi
Native Wetlands Plant Nursery at the Gulf Coast Research Laboratory (GCRL). At the time of this
study the plants ranged in age from 2-6 months for S. alterniflora and 12-15 months for J.
roemerianus. Plants selected were about 30cm tall for both species. To reduce variation due to
leaf age, the second leaf (L2) from the apex was selected as this was the newest fully developed
mature leaf (Fig. 1). A 5¢cm long section of the basal portion of L2 was removed for the
measurements. | measured the CCl at random points (n=24-36) along this 5cm section using an
Opti-Sciences CCM-200. The CCM-200 was calibrated with a blank chamber prior to each series
of measurements, as per the manufacturer instructions. For S. alterniflora both sides of the leaf
were measured (both upper and lower faces). J. roemerianus has cylindrical leaves which caused
problems for the CCI measurement, presumably due to light scattering off the curved surface. To
improve the CClI, | found that splitting the leaf down one side and gently flattening it out resulted
in more repeatable measurements. After CCl measurements were completed, | wrapped the 5cm
long leaf segments in individually labeled aluminum foil packets and stored them frozen at -20C
until ready for chlorophyll extraction within 1 week of collection (see below).
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Figure 1: Location of 5 cm segments taken from leaf two (L2) of J. roemerianus, S. alterniflora,
and whole leaves of different ages from an apical branch of R. mangle.

Figure 2: R. mangle leaves of different ages and leaf punch samples for Chl a extraction.



2. Mangroves
Young R. mangle plants (mean height <1.2m) were grown in the Mississippi Native Wetlands

Plant Nursery (GCRL 2005). | selected an apical branch with four leaves to determine the CCI.
Leaves were ranked based on color (Fig. 1) and position on the branch. The youngest leaf (L1)
was brighter green and had less structural tissue as determined by tactile evaluation. Leaf two
(L2) was a mature, fully formed leaf. Leaves 3 and 4 were senescing leaves as determined by the
presence of chlorotic and/or dead leaf tissue.

CCl was determined from 24-36 locations on each leaf and then averaged to determine the mean
and variation of CCI values for each leaf. For each leaf | used a hole punch to cut 2.2cm? discs
out of each leaf (n=8-10), taking care to avoid the mid-rib (Fig. 2). Chlorophyll analyses on the
frozen leaf samples were done as described below.

Data were entered into Microsoft Excel and summarized using the available database and
analysis functions. The mean CCIl was compared to mean Chl a concentration by linear
regression.

3. Chlorophyll extraction procedure:

Frozen leaf samples were ground in a mortar and pestle using sieved (500mm) and dried beach
sand as a grinding aid. Solvent of 90% v:v acetone in distilled water was used to extract the
chlorophyll pigments from the leaf tissue. Once samples were finely ground, the extract was
poured from the pestle into 15ml plastic centrifuge tubes, wrapped in aluminum foil, and placed in
the refrigerator overnight to complete extraction of Chl a. The next morning the samples were
allowed to come to room temperature in a dark box. Samples were centrifuged at 1000rpm for 10
minutes to settle suspended particles and the supernatant was then carefully pipetted into 1cm
path length polystyrene cuvettes (Fisherbrand). Chl a concentration in the extract was read on a
blank-calibrated Ocean Optics USB 2000 spectrometer using a LH-1 halogen light source that
had been allowed to come to color temperature for a minimum of one hour. The USB 2000 used
has a spectral range of 350 — 1000nm at 0.3nm increments, #3 grating with 25 micron-width
aperture, and OFLV long-pass filter factory installed. From the data file created for each sample, |
extracted the absorbance at 647, 664, and 750nm. | then corrected for extract volume before
determining Chl a concentration using the trichromatic equations of Jeffrey and Humphrey (1975).
Finally, Chl a content was standardized to leaf area (A) using the formulas “A = 2.2cm® for R.
mangle, “A = 5cm x leaf width” for S. alterniflora and “A = 5cm x 2pr” for J. roemerianus to allow
comparison among species. Width or diameter of the leaf was measured to the nearest 0.1mm
using digital calipers (Mitutoyo Digimatic CD-6). Calculations of leaf area were performed in
Microsoft Excel.

4. Data analysis:
The two null hypotheses tested were:

(a) Mean CCI and Chl a do not vary by species, or by leaf age within a given species.
(b) CClI has no correlation to Chl a concentration as determined by 90% acetone extraction.

Data were assessed for normality using normal quantile plots or the Shapiro-Wilk test, and then
tested for homoscedasticity using JMP Intro v 5.0.1 software (SAS Institute, Cary, NC). CCI and
Chl a data were analyzed by one-way fixed factor ANOVA to determine differences among the
three species and among leaves of different age in R. mangle. Post-hoc analyses of significant
ANOVA findings were done using Tukey’s Least Significant Difference (LSD) test. Means that
were found to be not significantly different are indicated by the same letter group in figures or
tables.

Linear regressions of CCl as the independent variable against Chl a content (ng/cm?) as the
dependant variable were performed separately for each species. Because multiple CCI values
were obtained on each leaf but only one Chl a content extraction, | used the mean CCI value in
these regression analyses. To assess the relationship between mean CCIl and mean Chl a
content for leaves of different age in R. mangle I first plotted the mean and standard errors in the
X and Y directions for each leaf and then fitted a linear regression to the five data points.



Results

The two hypotheses tested demonstrated differences in CCl and Chl a content existed among
species, and also among leaves of different age within a given species. Positive correlations
between CCI and Chl a content were found for each of the three species, however the robustness

of the correlations varied.
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Figure 3: (&) CCl and (b) Chl a content (mean £ S.E.) of three species: Jr = Juncus roemerianus,
Sa = Spartina alterniflora, Rm = Rhizophora mangle. Tukey's post-hoc analysis shows means
that are not significantly different in the one-way ANOVA.

Table 1: One-way ANOVA tables for CCI (top) and Chl a (bottom) by 3 species for n=28-30
leaves.

Source SS Df MS F F crit P-value
Species 6616.2 2 3308.12 17.2624 3.1038 <0.0001
error 16289.2 85 191.64

Total 22905.5 87

Source SS Df MS F F crit P-value
Species 417.0 2 208.49 27.1042 3.10384 <0.0001
error 653.8 85 7.69

Total 1070.8 87

1. Three species comparison
CCl values ranged from a mean of 11.98 in J. roemerianus, to 29.87 in S. alterniflora, and 30.68

in R. mangle (Fig. 3a). There was no significant difference between S. alterniflora and R. mangle,
and both species had significantly greater CCI than J. roemerianus (Table 1). In contrast the
mean chlorophyll content was significantly greater in J. roemerianus (8.85 ng/cmz) and S.
alterniflora (9.72 rrg/cmz) than R. mangle at 4.68 rrg/cm2 (Fig. 3b). These results suggest that




measurement of the CCI may be adversely affected in the cylindrical leaves of J. roemerianus.
The lower chlorophyll content in R. mangle was in part due to the inclusion of data on the
immature leaf (L1) and the green senescing leaf (L3) in this analysis. Mean Chl a content in leaf
two (L2) was 6.61 my/cm?, which is still only 68-74% of the values found in the two salt marsh
plants.

The scatter plot of mean CCI to leaf Chl a content clearly shows the three species separating
along these two axes (Fig. 4). For J. roemerianus the CCI values remained low, resulting in a
tight cluster of points and a low r* value (Table 2). S. alterniflora tended to have a more linear
relationship between mean CCIl and Chl a content, but scatter about the regression line was still
substantial, with an r* of 0.58. R. mangle had the best fit (r* = 0.95) presumably due the inclusion

of a wider range of leaf CCI and Chl a contents.
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Figure 4: Scatter plot of mean CCIl (n=24-36) per extracted Chl a (mg/cm2) for the three species.

Table 2: Linear regression equations for the 3 species: Jr = Juncus roemerianus,
Sa = Spartina alterniflora, Rm = Rhizophora mangle.

2

Species Linear Regression r
Jr Chla=4.9362 + 0.3956 CCI 0.2933
Sa Chla=3.4294 + 0.2082 CCI 0.5838
Rm Chla=1.4063 + 0.0993 CCI 0.9462

The red mangrove was the only species where leaves of different ages and condition were used.
It is likely that not all L2 leaves for S. alterniflora were in the same physiological condition, shown



by the wide range of CCl and Chl a values (Fig. 4). For J. roemerianus presumably the difficulties
in obtaining CCI readings restricted the range of values. Then again, leaf growth rates of this
species are very slow and the range of physiological condition for a 5cm long segment of an L2
leaf may therefore be less in this species.

The slopes of the regression equations also show differences exist among species in the
application of the CCI (Table 2). J. roemerianus has the highest slope (0.396) while R. mangle
has the lowest (0.099). This means that a unit increase in the CCI reflects a 4-fold higher
increase in the Chl a content of J. roemerianus than that of R. mangle. For this reason, species-
specific relationships of CCI to Chl a content need to be established for accurate interpretation of
the data obtained from any CCM.
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Figure 5: R. mangle leaves, mean * S.E. for CCl and Chl a content. Same letter indicates leaves
that are not significantly different by Tukey’s LSD post-hoc analysis.

Table 3: One-way ANOVA tables for CCI (top) and Chl a (bottom) by leaf age of 5 leaves from R.
mangle

Source SS df MS F F crit P-value
Age 53839.6 4 13459.9 372.2 2.4448 <0.0001
error 4483.6 124 36.2

Total 58323.2 128

Source SS df MS F F crit P-value
Age 185.2 4 46.31 83.4 2.6123 <0.0001
error 21.6 39 0.56

Total 206.9 43




2. Leaf age in R. mangle

CCl ranged from a mean of 1.8 for leaf four (L4) to 55.2 for the mature leaf, L2. Chl a content
ranged from a mean of 0.76 ng/cm2 for the dead leaf to 6.61 rrg/cm2 in L2. There were significant
differences among leaves of different age in both CCl and Chl a content determined by one-way
ANOVA (Table 3). The mature leaf (L2) had significantly higher CCl and Chl a content than
immature and senescing leaves (L1 and L3). As chlorophyll breaks down in senescing leaves the
color changes from green to yellow, this is reflected in the low CCI (Fig. 5). Tukey's LSD post-hoc
analysis shows that CCI and Chl a content from the senescent yellow leaf was not significantly
different from the brown dead leaf (Fig. 5).

There was a significant correlation between CCI and Chl a content, with an r°=0.95. CCI values
related to Chl a content by a factor of 0.1 in the mangrove leaves analyzed (Fig. 6). The intercept
of the linear regression was not zero, as the CCM-200 has a mean blank calibration value of 0.7
when there is no sample inserted in the device.
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Figure 6: Correlation between CCIl and Chl a for R. mangle leaves of different age. The youngest
leaf is L1, the oldest pigmented leaf is L4.

Discussion

Chlorophyll Content Index as measured by the Opti-Sciences CCM-200 was found to correlate
positively with 90% acetone extracted Chl a content in three species of intertidal wetland plants,
including one grass (Fam. Poacae), one rush (Fam. Juncaceae) and one tree (Fam.
Rhizophoraceae). The strength of the correlation varied by species, with J. roemerianus < S.
alterniflora < R. mangle (Table 2). The two species with flat leaves (S. alterniflora and R. mangle)
showed better correlation between the CCIl and Chl a content, presumably because a flat leaf is
better at reflecting and transmitting the LED light to the detector in the CCM-200.



J. roemerianus and other plants with leaves that are not flat (e.g. conifers) may pose problems for
accurate CCl measurement. Also plants with elongated but flat leaves narrower than the diameter
of the CCM window (0.95cm diameter) may not work well either (e.g. some seagrasses). The
issue with these types of leaves is the potential scatter of the LED light signal into or away from
the detector, resulting in erroneous CCI readings. Similar problems can also arise with the dense
packaging of chlorophyll in shade leaves, not allowing enough LED light at 653nm to transmit
through the leaf (Richardson et al. 2002). Some of these problems can be overcome by
measuring spectral reflectance and transmission using a spectroradiometer and applying
reflectance indices (Richardson et al. 2002).

If a plant leaf was a perfect optical medium, and only chlorophyll attenuated the measuring light
beam at 653nm, then CCI values would be proportional to chlorophyll pigment concentration.
Unfortunately, leaves are not perfect optical systems because light is refracted as well as focused
by the epidermal cells resulting in variation in the light intensity. Further, chlorophyll pigments are
packaged in the chloroplasts, resulting in further absorption, scattering, and reflection of light
inside the leaf (Markwell et al. 1995). This complex structure results in attenuation of light that is
non-linear and difficult to model. The attenuation of light in the 931nm infra-red wavelength is
used to correct for leaf structural characteristics and water content, but is affected in a different
manner from that of the 653nm light, as Rayleigh scattering is a function of the fourth power of
the wavelength (Markwell et al. 1995). For these reasons the simple ratio calculation used to
derive the CCI (= % transmittance at 931nm / % transmittance at 653nm) can be substantially
influenced by leaf optical properties as well as environmental (e.g., light intensity) and
physiological (e.g., turgor) parameters.

Leaf age and physiological state are important determinants of the chlorophyll content. These
factors will affect the CCI. For instance CCI is commonly promoted to measure leaf nitrogen
content as an indicator of plant nutrient status. This is because much of the plant nitrogen is
bound up in chlorophyll and other photosynthetic compounds. Nevertheless, chlorophyll is highly
regulated by the plant and can change with irradiance levels as well as nutrient condition (Hoel
and Solhaug 1998). Because photosynthesis is such a dynamic biochemical pathway, use of the
CCl as an index of plant condition, is fraught with difficulties in interpretation when the past
environmental history of the plant is unknown, as in ecological field studies. This is usually not the
case in agricultural fields where the condition of the crops is tightly regulated and well known from
the date of planting. For these reasons CCI may be a valuable comparative tool in agricultural
plants, but will probably not replace superior analytical extraction techniques for precise
determination of Chl a values in ecological field studies.

These problems notwithstanding, the CCI and other non-destructive optical indices of Chl a
content are important diagnostic tools to repeatedly or rapidly sample a population of plants. For
instance, tracking the condition of a population in the field or in an experiment would be much
simplified if a rapid and repeatable optical measure of chlorophyll content can be made. As most
studies using CCM and other reflectance indices have focused on crop or forest species, there is
still a need to determine the application of these techniques to other plants. Species-specific
relationships between CCIl and Chl a content need to be established before this approach can be
more widely adopted in ecological studies. Furthermore, the range of potential CCl values needs
to be known, so that leaves of different condition can be accurately assessed. | recommend
testing of leaves of different ages and physiological condition within plants of known age and
history to develop a species-specific library of CCI:Chl a relationships. This could be approached
in a manner similar to developing libraries of spectral signatures for ecological communities, as is
routinely done in remote sensing of coastal habitats (Kutser et al. 2003)

Chlorophyll content meters, despite their inherent limitations, have the potential to enable rapid
assessment of the relative condition of plant leaves in a variety of species, both for agricultural
and ecological studies. A further benefit of these optical instruments is that they avoid the need to
use hazardous solvents, reducing environmental contamination and human health hazards.



There is a trade-off between time-consuming analytical precision and rapid easy field use. A
combination of both approaches is likely to yield the greatest overall value and allows researchers
to take advantage of the best of both worlds.
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