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Relationships between portable chlorophyll meter estimates for
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Several ecosystem processes and services
provided by mangrove trees, such as the regulation
of biogeochemical cycles, biological control, soil
retention and protection against erosion, and
especially CO2 assimilation and carbon storage
are related to the photosynthetic process (Donato
et al. 2011; Schaeffer-Novelli et al., 2016; Santos
et al, 2017). Photosynthesis is directly related to
chlorophyll present in the leaves, and assessment
of chlorophyll concentrations may be used as
an indicator of a plants’ physiological condition.
Decreases in leaf chlorophyll concentrations occur
in plants exposed to environmental stress, including
stress caused by heavy metals (Chandra & Kang,
2016), nutrient deficiency (Kalaji et al., 2017), and
petroleum pollution (Arellano et al.,, 2017), among
others. Thus, estimates of chlorophyll concentrations
may provide information on plant and ecosystem
function (Heenkenda et al., 2015; Pastor-Guzman et
al., 2015).

Chlorophyll concentrations can be quantified
by destructive or non-destructive methods, on
scales ranging from a single leaf to the entire
ecosystem. Non-destructive quantification of
chlorophyll in single leaves is performed with
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portable chlorophyll measurement devices, which
estimate the chlorophyll concentrations in leaves by
quantifying the incident radiation that is absorbed by
the chlorophyll molecules (Parry et al., 2014; Pastor-
Guzman et al., 2015; Vieira Silva et al,, 2016). The
chlorophyll concentration in an ecosystem may be
assessed indirectly with remote sensing techniques
(Heenkenda et al.,, 2015; Pastor-Guzman et al., 2015).
The quick and non-destructive measurement of
photosynthetic pigments via portable chlorophyll
meters may optimize the sampling effort and the
cost of data collection in the field.

Currently, there are different portable chlorophyll
meters available, and the most commonly used of
these are the SPAD-502 (Minolta, Osaka, Japan), the
CCM-200 (OptiSciences, Tyngsboro, Massachusetts,
USA), and the Clorofilog (Falker, Porto Alegre, Brazil).
The first two devices, the SPAD-502 and the CCM-
200 provide total chlorophyll indices based on two
wavelengths, namely 650 and 940 nm (SPAD-502)
and 660 and 940 nm (CCM-200), in the red and near-
infrared bands (Parry et al., 2014; Richardson et al.,
2002). However, the Clorofilog chlorophyll meter
uses three wavelengths (635, 660, and 880 nm) to
provide estimates of concentrations of chlorophyll
a, chlorophyll b, and total chlorophyll (a + b) (Vieira
Silva et al., 2016). Electric signals are received by
analogical receptors, which calculate chlorophyll
absorbance in the red band and differentiate the
leaves’ internal structure in the near-infrared band,
indirectly obtaining the chlorophyll indices (Markwell
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et al, 1995). Portable chlorophyll meters provide
estimates in dimensionless units, and mathematical
models are required to express the leaves' real
pigment values. However, mathematical models lack
for many species. For instance, few mathematical
models have been developed for mangrove trees
(Biber, 2007; Connelly, 1997; Flores-de-Santiago et al.,
2013). Care must be taken when using mathematical
models that have been developed for a different
device and species than that being used and studied,
as, even though the different devices have similar
functions, they still need to be calibrated for each
device and plant species (Richardson et al., 2002; Parry
et al., 2014). When mathematical models have been
developed for at least one type of chlorophyll meter,
they may be used to calibrate other devices. Thus,
calibrations between the SPAD-502 and the CCM-

200 have already been performed to test the devices'

efficiency (Richardson et al., 2002). This fact has
been achieved by correlating the chlorophyll indices
provided by the two devices. These correlations have
shown that devices may be calibrated indirectly
(without destructive measurements), by converting
the chlorophyll indices between each device.

The most common genera in the Brazilian
mangroves are Rhizophora (Rhizophoraceae),
Laguncularia  (Combretaceae), and
(Acanthaceae) (Schaeffer-Novelli et al., 1990; Magris
& Barreto, 2010). The red mangrove, R. mangle, is
an essential mangrove species and occurs in many
countries, including Brazil. It has support roots and
a root system that eliminates a large part of the salt
present in the water and is considered a facultative
halophyte (Rebelo-Mochel et al., 2007; Medeiros et
al, 2018). Mathematical models relating chlorophyll
indices measured using portable chlorophyll meters
and chlorophyll concentrations for red mangroves
have been developed for the SPAD-502 (Connelly,
1997) and the CCM-200 (Biber, 2007; Flores-de-
Santiago et al., 2013). There are no models that can be
used to measure chlorophyll concentrations in other
Neotropical mangrove species using the SPAD-502.
Besides, recent studies have used the Clorofilog
to estimate chlorophyll indices in mangrove trees
(Lopes et al., 2019; Orto e Silva et al., 2020), despite
the absence of mathematical models that allow
estimation of actual leaf chlorophyll concentrations.
As the SPAD-502 is one of the most commonly used
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chlorophyll meters and as Connelly’s (1997) model
has already been tested (e.g., Pastor-Guzman et
al., 2015), it is possible to develop a mathematical
model that can be used to measure leaf chlorophyll
concentrations using the Clorofilog without
destructive measurements, by relating the values
obtained with the Clorofilog to those provided by
the SPAD-502. In this study, we propose and validate
a mathematical model for converting Clorofilog
chlorophyll estimates into the more common and
already validated SPAD-502 values for red mangroves.

This study was performed in a mangrove area
in the municipality of llhéus, southern Bahia State,
Brazil (14.820 S, 39.060W). The studied mangrove is
of the riverine type, located along the Engenho river,
which is part of the largest estuarine complex in the
region, alongside the Cachoeira and Fundao rivers.
The regional climate is wet tropical, without a defined
dry season (Af in Koppen'’s classification) (Sparovek et
al., 2007). The area includes native vegetation, urban
areas, and domestic waste released along with the
entire river extension, resulting in anthropogenic
stress that may affect the mangrove’s ecological
balance and ecosystem services (Martins et al., 2011).
Plant material was collected at nine sampling points
along the Engenho river. The sampling points were
accessed using a motorboat, and their location was
recorded with a hand-held GPS device (GPSMap 64s
- Garmin). Red mangrove leaves were collected with
an extendable pruner, and only leaves under direct
sun exposure were collected. We randomly selected
four to five branches in trees next to the mangrove’s
edge, which could belong to the same or different
individuals. These branches were placed in plastic
bags, which were labeled with the sampling point’s
coordinates. The leaves were stored in a cooler box
on ice and transported to the Plant Physiology lab of
Universidade Estadual de Santa Cruz (Ilhéus, Bahia,
Brazil). Even though the chlorophyll meters evaluated
in our study can be used in the field, we chose to
make the lab measurements for logistical reasons
and avoid damage to the equipment. However,
these devices are appropriate for field measurements
when taking the leaves to the lab is not possible. We
collected approximately 30 leaves at each sampling
point; however, some leaves were later observed to
belong to a different species and had to be excluded
from the analysis. After transporting the samples to
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the lab, young leaves were removed, and 241 fully
mature and expanded red mangrove leaves, with a
yellow-green to dark green color, were analyzed.

We used the portable chlorophyll meters
SPAD-502 and Clorofilog CFL1030 to estimate the
chlorophyll indices and to perform calibrations
among the devices. The portable chlorophyll
meter SPAD-502 uses the SPADi index, whereas the
Clorofilog provides estimates in the Falker chlorophyll
index (FCl). For each leaf, we performed a single
measurement with the SPAD-502 and the Clorofilog,
with measurements taken at the same location on
the median region of the leaf’s adaxial side, next to
the central nervure.

Before the analyses, three outliers were removed.
We, therefore, had a total of 238 data points for each
device. We used paired t-tests to test whether the
two devices provided different estimates (p < 0.05).
For the predictive model to transform Clorofilog FCI
values into SPADi index values, we first divided it
into calibration and a validation dataset, with 119
leaves in each. We then adjusted a linear regression
based on the calibration dataset, with the FCl values
as the explanatory variable and the SPADi values as
the response variable. We visually assessed residual
normality and homoscedasticity of this analysis.
Finally, we applied the resultant equation to the
validation datasetand calculated Pearson’s correlation
coefficient (p < 0.05) between the observed values
and the estimated values. We assessed the quality
of our mathematical model by visually analyzing the
model’s residuals for normality, residual patterns, and
outliers. The data were analyzed in R 3.5.1 (R Core
Team, 2018) and in the software Past 3.1 (Hammer et
al., 2001).

The SPADi values ranged from 34.40 to 71.40
(mean of 55.05 + 7.63 SD; CV = 13.86%) and the
FCl values ranged from 28.60 and 65.90 (mean of
4942 + 7.63; CV of 14.45%). On average, the SPADi
values were 5.64 + 0.24 SE units higher than the
FCl values for the same leaf (permutation t-test: t =
22.63, p = 2.2¥10-71). The regression analysis of the
SPADi values and the FCI values showed a strong
linear relationship between the two instruments (R =
0.92, p < 2.2*¥10-16), described by the model SPADi
= 10.0595 + 0.9092*FCI (Figure 1a). The validation
analysis showed a strong relationship (R = 0.92, p <
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Figure 1. Relationship between SPADi and Falker chlorophyll index
(FCI) estimates of chlorophyll indices for red mangroves. Each
point represents one leaf (n = 119) (a). Validation of the model for
converting FCl values into SPADi values for red mangroves. Each
point represents one leaf (n = 119) (b).

2.2*¥10-16) between the SPADi values predicted by
this model and the observed values (Figure 1b).

The two devices provided different estimates
for chlorophyll concentrations in red mangrove
leaves, with the SPAD-502 providing higher values
than the Clorofilog. The wavelengths used by the
different devices to obtain chlorophyll indices vary,
and are an essential factor in obtaining these indices
for different species. This difference may be related
to the wavelengths used to measure chlorophyll
absorbance. A previous study has shown that the
SPAD-502 estimated higher values than the CCM-200
portable chlorophyll meter for Citrus sp. Leaves (Jifon
et al., 2005). Also, the SPAD-502 may have a smaller
measurement error than the CCM-200 (Richardson et
al., 2002). Nevertheless, some studies have observed
small differences in the indices estimated by the
SPAD-502 and by the Clorofilog (Brito et al., 2011;
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Vieira Silva et al,, 2016), indicating that it is possible
to adjust these indices between the devices.

One factor that may have led to the relatively low R
values between the two chlorophyll meters used in our
study compared to other studies comparing different
devices (Richardson et al., 2002; Brito et al., 2011; Parry
et al., 2014; Vieira Silva et al., 2016) may be associated
with the way the measurements were made. There is a
possibility that the overlap between the areas on the
leaf surface where the two measurements were made
was imperfect. The SPADi values were less variable
than the FCI values, as previously observed (Brito et
al,, 2011; Vieira Silva et al., 2016). Besides, there was
much variation around the adjusted line. As there were
few yellow-green leaves compared to the number of
green leaves being analyzed, the points were more
concentrated in the center of the distribution, possibly
affecting the curve’s adjustment.

Despite the 16% variation in the relationship
between the two devices, we were able to compute
a calibration curve that resulted in a reasonably high
correlation between the observed and the estimated
values in the validation dataset (R = 0.92). Similar
relations between different chlorophyll meters
have been observed in previous studies (Brito et al.,
2011; Vieira Silva et al., 2016). Thus, our model for
transforming FCl values into SPADi values may be
used in future studies on chlorophyll concentrations
in red mangroves. However, as chlorophyll values
vary among species and their environments, we do
not recommend the use of this equation for other
species, and instead recommend species-specific
equations for each new plant species in which
chlorophyll concentrations are measured (Jifon
et al, 2005; Zhang et al, 2012). The differences
between the two indices, as observed here, highlight
the importance of performing such calibrations
(Richardson et al., 2002).

The in-situ measurement of chlorophyll indices
concentrations with the aid of portable chlorophyll
meters permits researchers to preserve plant material,
optimize fieldwork, and reduce costs associated
with reagents, and this last factor applies even if the
measurements are takenin the laband notin the field.
In this study, we developed a mathematical model to
convert chlorophyll values between two portable
chlorophyll meters, the Clorofilog and the SPAD-502.
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As the Clorofilog is a portable device that operates
similarly to the SPAD-502 (Brito et al., 2011; Vieira
Silva et al., 2016), and has been used increasingly
frequently, this comparison will enable between-
study comparison and encourage future studies
using the Clorofilog. A more detailed calibration
curve maybe by including a more extensive range
of chlorophyll concentrations. Similar models can be
developed for other mangrove species.

In conclusion, we demonstrated that the
chlorophyll concentration indices calculated by the
SPAD-502 and by the Clorofilog for red mangrove,
an important mangrove species, can be converted
between one another. However, this calibration is not
perfect, as there was still a 16% unexplained variation
in the comparison between the two devices. Thus,
care must be taken when converting measurements
and when comparing results obtained with different
chlorophyll meters, as between-device variation may
introduce noise into the analyses, and hamper the
detection of biological or ecological patterns.
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