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ABSTRACT: In this study, I evaluate the variability in light absorption efficiency of Thalassia testudinum leaves and the magnitude of the package effect affecting seagrass leaves. The large variability observed in pigment density and leaf absorptance of T. testudinum leaf segments, was compared to the variation in light absorption efficiency reported for leaves of Mentha aquatica, a species
that maintains a specialized bifacial mesophyll and has 3 times higher leaf pigment content. Pigment
light absorption efficiency of T. testudinum leaves was also compared to the interspecific variability
reported for leaf sections of 12 seagrass species collected in 10 tropical (Mexican Caribbean and
Philippine Indo-Pacific) and 31 temperate (Spanish Mediterranean, Portuguese Atlantic and Danish
fjørds) coastal areas. The results of this comparison confirmed that T. testudinum leaves are affected
by the package effect, because pigment light absorption efficiency decreases non-linearly as pigment
content per unit area increases. The finding that M. aquatica leaves have a 1.5 times higher pigment
light absorption efficiency than T. testudinum leaves for similar pigment content, does not necessarily indicate that the specialized leaf anatomy developed by seagrasses (i.e. a pigmented epidermis
and an unpigmented leaf mesophyll) has led to a reduction in light absorption efficiency. This is
because temperate seagrass leaves, which have a 2.5 times higher chlorophyll content than flatshaped leaves of tropical species, exhibit a 1.4 times higher efficiency than M. aquatica leaves of similar pigment density. The possible effect of leaf morphology (i.e. leaf thickness and the specific leaf
area) on the variation of leaf absorptance of T. testudinum was finally addressed to clarify the capacity of seagrass leaf morphology in counterbalancing pigment self-shading within the thin epidermis.
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Seagrasses are aquatic monocotyledons confined to
the marine environment (Kuo & Den Hartog 2000).
Their ancestors were terrestrial plants which recolonized marine coastal areas between 90 to 120 million years ago (Den Hartog 1970). Although many land
plants have successfully re-colonized freshwater environments (Sculthorpe 1967), seagrasses are unique in
having re-colonized the sea. Four functional properties
are considered indispensable for a marine plant (Arber
1920, Kuo & Den Hartog 2000): (1) to be able to grow

fully submerged, (2) to have an efficient anchoring system, (3) to be able to osmoregulate and (4) to have a
hydrophilous pollination mechanism. Kuo & Den Hartog (2000) remarked that seagrasses obviously fulfill
these requirements; however, these 4 properties alone
are not sufficient to define a marine plant, as several
taxa of aquatic plants also satisfy these 4 criteria (i.e.
species within the genera Ruppia, Zannichellia, Potamogeton and Najas), although they do not normally
occur in marine habitats. Kuo & Den Hartog (2000),
however, pointed out a fifth property: seagrasses are
able to successfully compete with other organisms in
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the marine environment. Understanding the ecological
success of seagrasses in the marine environment still
needs to be clarified at many different levels of plant
complexity, from the description of physiological mechanisms to the study of their competitive ability in
relation to other marine primary producers. The analysis of the competitive ability of seagrasses requires the
description of 2 basic functional properties: (1) the ability to collect light, and (2) the efficiency in the use of
the light absorbed to support plant growth.
Seagrass leaves, as is the case in other hydrophytes,
have evolved specific adaptations to submerged conditions. They have lost stomata (Tomlinson 1982), but
have developed aerenchyma and a thin cuticle that
facilitates the exchange of gas and solute with the surrounding water. They have also developed a photosynthetic epidermis losing the specialized mesophyll characteristic of bifacial land leaves (e.g. parenchyma and
a spongy mesophyll). Most of the leaf pigment is concentrated into a single epidermal cell layer, which represents less than 20% of the leaf volume (Tomlinson
1980). The internal mesophyll tissue is unpigmented
and formed by cells that contain large vacuoles. The
role of the unpigmented mesophyll cells is not fully
understood, but has been related to the maintenance of
an internal gas flow within the lacunar system (Larkum
et al. 1989), and to the maintenance of leaf turgor
under variations in seawater salinity (Tyerman 1989).
The concentration of all photosynthetic activity into the
leaf epidermis may have contributed to the evolutionary success of seagrasses, because photosynthesis has
easier access to bicarbonate, the main source of inorganic carbon in seawater (Larkum et al. 1989). Nevertheless, the unpigmented nature of the mesophyll cells
surrounding the leaf lacunar system is not fully understood, and neither are its consequences for the optical
properties of seagrass leaves.
Few studies have described the light absorption
properties of seagrass leaves (Enríquez et al. 1992,
1994, Major & Dunton 2000, 2002, Cummings & Zimmerman 2003). The variation in pigment light absorption efficiency has been examined in 12 seagrass species (Enríquez et al. 1992, 1994), as well as in a tropical
(Thalassia testudinum) and in a temperate (Zostera
marina) species (Cummings & Zimmerman 2003). Two
comparisons concluded that seagrass leaves are
affected by the package effect based on: (1) the
1.4-fold increment found in leaf absorptance (i.e. the
fraction or percentage of incident light absorbed, sensu
Kirk 1994) in Posidonia oceanica leaves despite an
almost 6-fold increment observed in chlorophyll a content per unit area (9.4-fold variation in chlorophyll a
content per unit of leaf dry weight, Enríquez et al.
1992); and (2) the 9% increment found comparing
leaves of T. testudinum and Z. marina despite the

5-fold increment observed in total leaf chlorophyll content per unit of fresh weight (Cummings & Zimmerman
2003). The package effect refers to the reduction in
light absorption efficiency experienced by photosynthetic pigments due to pigment self-shading, when
pigments are arrayed in live structures such as
pigment –protein complexes, piled thylakoids, chloroplasts, cells and colonies or tissues (Duysens 1956, Kirk
1975a,b, 1976, 1994, Morel & Bricaud 1981). The
chlorophyll a-specific absorption coefficient (i.e. the
absorption coefficient normalized to pigment content,
sensu Geider & Osborne 1992, Kirk 1994) has been
used as a descriptor of the intra- and inter-specific variation in pigment light absorption efficiency, not only
for phytoplankton populations but also for hermatypic
corals (Dubinsky et al. 1984, 1990, Wyman et al. 1987,
Lesser et al. 2000) and for leaves of higher plants
(Enríquez & Sand-Jensen 2003). The package effect
has, therefore, been described as the non-linear reduction in pigment light absorption efficiency as cell or
colony size increases (Kirk 1976), or pigment per unit
of projected area increases (Morel & Bricaud 1986,
Haardte & Maske 1987, Osborne & Geider 1989,
Enríquez & Sand-Jensen 2003). Cummings & Zimmerman (2003) have supplied the first estimations of the
specific-absorption coefficient for seagrass leaves;
however, no description of the pattern of variation as a
function of chlorophyll density has yet been provided.
Recently, the assessment of leaf optical properties of
Mentha aquatica L. (Enríquez & Sand-Jensen 2003)
has used the specific-absorption coefficient to examine
pigment absorption efficiency as a function of pigment
content and leaf morphology. M. aquatica is an amphibious freshwater species whose leaves have the specialized bifacial mesophyll of a terrestrial leaf. The
mesophyll of M. aquatica is formed by a single palisade cell layer and 3 layers of spongy mesophyll cells.
Enríquez & Sand-Jensen (2003) found a strong negative association between the specific absorption coefficients (for the PAR range and for the chlorophyll a
peak at 680 nm) and chlorophyll density, and concluded that leaves of M. aquatica are affected by the
package effect, despite their ability to increase photon
path length through multiple scattering within the tissue (factor of light absorption intensification β > 1,
sensu Rühle & Wild 1979).
Despite this progress on intact multicellular structures, the ability of seagrass leaves to improve light
absorption efficiency through multiple scattering, thus
counterbalancing the package effect, has not been
examined fully. In this study, I determine the significance of the package effect and its consequences on
light harvesting efficiency in the leaves of Thalassia
testudinum, and then compare that with the values
estimated for Mentha aquatica and for 11 seagrass spe-
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MATERIALS AND METHODS
The optical properties of Thalassia testudinum
leaves were examined by spectroscopic determinations of 307 leaf sections. T. testudinum leaves were
collected in the Puerto Morelos reef-lagoon (Mexican
Caribbean, Cancun) from 7 different meadows, differing in their proximity to the shoreline or to the fringing
reef. The meadows also differ in leaf biomass density
displayed above the sediment (CV = 50.3%) as a result
of changes in shoot size (biomass basis, CV = 55.8%)
and shoot density (CV = 47.6%). Four replicates of the
second youngest leaf of the shoot, per meadow, were
examined every 2 cm. Given that leaves differed in
length (13.5 to 41 cm), leaves were cut into 6 to 20 segments. Light absorption was measured using the opal
glass technique developed for intact plant leaves by
Shibata (1959). Fragments of leaves were mounted into
3 ml cuvettes filled with filtered seawater. Leaf sections were held against the wall of the cuvette with a
holder specifically developed to avoid leaf misplacement during the spectroscopic determinations. Light
absorption was measured at 1 nm intervals between
380 and 750 nm in an Aminco DW2 (USA) spectrophotometer controlled by an OLIS (USA) data collection
system (Fig. 1a). Bleached leaves were used as a reference to correct for non-pigment absorption. Leaves
were submerged for 24 h in filtered seawater, diluted
with 1% bleach (vol:vol), to extract all photosynthetic
pigments. Two descriptors were used: (1) average light
absorption for the range between 400 and 700 nm (PAR
range), and (2) light absorption at 680 nm, which is the
red peak of the chlorophyll a, where there is minimal
interference from accessory pigments. The attenuance
values (apparent absorbance) obtained were corrected
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cies (Cymodocea nodosa, Enhalus acoroides, Halodule
uninervis, H. wrightii, Halophila ovalis, Posidonia
oceanica, Syringodium isoetifolium, S. filiforme, Thalassia hemprichii, Zostera marina and Z. noltii). The
aim of this comparison is to contribute to the understanding of the evolutionary success of seagrasses by
assessing the efficiency with which their leaves absorb
light. The objectives are to (1) examine the variability
of the specific absorption coefficient as a function of
chlorophyll density, (2) compare estimates of specific
absorption in T. testudinum with those of M. aquatica
(a species that exhibits typical terrestrial leaf morphology), and finally (3) examine species-specific differences associated with light harvesting abilities among
12 seagrass species collected in 10 tropical (Mexican
Caribbean and Philippine Indo-Pacific) and 31 temperate (Spanish Mediterranean, Portuguese Atlantic and
Danish fjørds) coastal areas.
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Fig. 1. Thalassia testudinum. (a) Absorbance (OD) spectra of 3
leaf sections with 2.3, 8.7 and 26 µg chl (a + b) cm–2; (b) average reflectance spectrum ± SE of 6 leaf sections

to exclude residual scattering by subtracting absorbance at 725 nm. This spectroscopic technique may
overestimate absorptance if residual- and back-scattering are significant. In this study, absorbance at
725 nm was low in all cases, confirming low levels of
back- and residual-scattering. Nevertheless, reflectance spectra of T. testudinum leaves were measured
in the PAR range using a SpectraPro 300i spectrometer
(Acton Research) attached to a miniature fiberoptic
(Fig. 1b). Leaf reflectance of T. testudinum leaves was
low, confirming the appropriateness of Shibata’s technique for seagrasses, as was the variability found
among leaves (5.5% ± 0.097 on average for the PAR
range (400 to 700 nm), and 4.9% ± 0.29 at the chlorophyll a peak at 680 nm, x ± SE, n = 6).
Light absorption is expressed as absorptance (i.e.
fraction of light absorbed) calculated from measurements of absorbance (i.e. optical density, OD) using the
equation: Absorptance = 1 – 10–absorbance. Absorptance
values were further corrected by subtracting (1) leaf
reflectance for the PAR average or (2) leaf reflectance
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at 680 nm. Specific absorption was estimated using the
exponent in the exponential function [exp = –ln(1 –
absorptance)], and this value was normalized to pigment content.
Pigment concentration was measured spectophotometrically on a subsample of the same fragments used
for light absorption measurements, following pigment
extraction of a homogenized suspension in 80% acetone (Dennison 1990). Total carotenoids and chlorophyll a and b of leaf extracts were calculated using the
equations of Lichtenthaler & Wellburn (1983).
The inter-specific comparison was performed using
values reported in the literature (Enríquez et al. 1992,
2002, 2004, Olesen et al. 2002) for 4 temperate Mediterranean seagrasses: Posidonia oceanica, Cymodocea nodosa, Zostera noltii, Z. marina; and 6 tropical
seagrass species from the Mexican Caribbean: Thalassia testudinum, Halodule wrightii, and the Philippines: Enhalus acoroides, Thalassia hemprichii, Halodule uninervis, Halophila ovalis together with
average estimations for Syringodium filiforme and
S. isoetifolium (S. Enríquez unpubl. data). Samples
were collected from 41 different sites: Spanish
Mediterranean (22), Portuguese Atlantic (6), Danish
fjørds (3), Mexican Caribbean (10) and the Philippine
Indo-Pacific (1). These sites encompassed: (1) spatial
variability (Enríquez et al. 1992), (2) photoacclimatory
depth (Olesen et al. 2002) and canopy responses
(Enríquez et al. 2002), and (3) annual variability
(Enríquez et al. 2004).
For the statistical analyses, Pearson correlation coefficients (r) were used to describe the association between
different leaf descriptors. Least-squares (LS) regression
analyses of non-transformed or, if required, log-log
transformed data (according to the function: log Y = a +
b log X, which describes the allometric function Y = aX b )
were also used. To estimate the scaling exponent (b’),
model II regression analysis (reduced major axis [RMA];
Niklas 1994) was used. Data were analyzed using a single-factor ANOVA for comparison among sites.

RESULTS
Total chlorophyll (a + b) density varied 1 order of
magnitude, from a minimum value of 19.6 to a maximum value of 267.7 mg chl m–2 (Table 1). As a result of
the large variability observed within sites (coefficient
of variation ranged from 33.9 to 62.8% among sites), no
significant variation in total leaf chlorophyll density
was observed among sites (ANOVA, p > 0.05). Variation in leaf absorptance was considerably smaller (1.6
times in the total data set, range = 42.1 to 69.2%,
Table 1). Again, the differences observed were not significant among sites for the PAR average (ANOVA, p >
0.05), but significant differences were found for leaf
absorptance at the chlorophyll a peak at 680 nm
(ANOVA, p < 0.01).
Leaf absorptance showed a weak, though significant, relationship with total pigment density, both for
the PAR average and for the chlorophyll a peak at
680 nm (Pearson correlation of log-log transformed
data for the PAR average and for the 680 nm peak,
were 0.68 and 0.67 respectively, p < 0.001, Fig. 2). Leaf
segments from 2 of the meadows (Sites 1 and 3)
showed lower absorptance values relative to their pigment content (Fig. 2a,b). Those meadows also showed
the highest average in the specific leaf area (SLA) values (Table 1). No significant relationship between SLA
and leaf absorptance was observed when comparing
leaves photoacclimated to 6 different sites (Pearson
correlation, p > 0.05). However, a significant and negative association between SLA and leaf absorptance
was observed, when the variability displayed by these
parameters was examined within the same meadow,
along the leaf and among leaves of the same shoot
(r = –0.78, p < 0.05, n = 7, Fig. 3a). Taking into account
all of the variability (e.g. within and among meadows),
and despite the large variability found within sites, significant negative association between SLA and leaf
absorptance was still observed (r = –0.79, p < 0.001,
n = 13, Fig. 3b).

Table 1. Thalassia testudinum. Mean ± SE of the variation in leaf absorptance, chlorophyll (a + b) density (mg m–2) and Specific
Leaf Area (SLA, cm2 g dw–1) among the 8 meadows examined in the Mexican Caribbean. N: no. of observations
Site

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

Absorptance (%)
PAR average
Mean ± SE
Range
55.7 ± 2.0
63.6 ± 1.5
52.6 ± 3.0
60.7 ± 1.7
60.0 ± 0.9
53.7 ± 2.0
59.5 ± 0.9
65.5 ± 1.7

(45.4–66.7)
(57.2–67.2)
(42.1–63.9)
(54.8–65.7)
(57.4–62.5)
(46.6–59.6)
(57.0–62.1)
(56.6–69.2)

Chlorophyll (a + b) density (mg chl m–2)
Mean ± SE
Range
N

SLA
Mean ± SE

N
21 × 4
12 × 4
9×4
8×4
7×4
6×4
5×4
7×5

68.5 ± 9.3
146.4 ± 29.1
109.9 ± 21.9
106.2 ± 21.2
107.3 ± 15.8
53.5 ± 9.1
86.3 ± 11.9

(26.6–115.5)
(29.7–267.7)
(24.8–210.8)
(19.6–171.1)
(64.7–150.6)
(23.1–87.4)
(47.3–133.3)
nd

10 × 4
9×4
6×4
6×4
6×4
5×4
5×4

416.6 ± 12.9
266.2 ± 13.2
301.1 ± 6.0
235.3 ± 14.3
223.1 ± 12.6
189.2 ± 6.5
210.5 ± 28.7
173.7 ± 7.7
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Fig. 2. Thalassia testudinum. (a) Variation in the PAR average
leaf absorptance (%) as a function of the variation in chlorophyll (a + b) density (mg chl m–2); (b) variation in leaf absorptance (%) at the chlorophyll a peak at 680 nm as a function of
the variation in chlorophyll a density (mg chl a m–2). Diamonds refer to values from Sites 1 and 3

Examining the patterns of variation in leaf morphology and leaf photoacclimation shown by the
shoot of a single Thalassia testudinum meadow (Site
5), it was observed that: (1) blades are thicker at the
bases and reduce blade thickness progressively
towards the leaf apex (Fig. 4a), (2) there was a significant progressive reduction in pigment content
towards the leaf apex from a maximum located a few
centimetres from the leaf meristem (Fig. 4a,b), and (3)
blades tend to have higher SLA towards the leaf apex
from a minimum located at the maximum pigment
content (Fig. 4b). Consequently, there was a positive
and highly significant association between leaf
chlorophyll content and leaf thickness (r = 0.98, p <
0.005, n = 5, Fig. 4a); a negative and highly significant association between chlorophyll content and
SLA (r = –0.97, p < 0.002, n = 6, Fig. 4b); and a negative and highly significant allometric association
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Fig. 3. Thalassia testudinum. Variation in the PAR average leaf
absorptance (%) as a function of the variation in the specific leaf
area (SLA, cm2 g dw–1). (a) Variability observed at Site 8 along
the same leaf and among leaves of the same shoot. Small solid
circles: values at the bases of the youngest leaf (Leaf #1); small
open circles: values at the bases, 5, 10 and 15 cm of Leaf # 2;
large solid circles: values at the bases and at 5 cm of Leaf # 3;
(b) mean ± SE of the intra- and inter-site variability

between SLA and leaf thickness (log-log, r = –0.99, p
< 0.001, n = 5) within the same meadow.
The analysis of the variation in pigment light absorption efficiency as a function of chlorophyll density
showed a highly significant and negative association
between the specific absorption coefficients (a*)(for the
PAR average, Fig. 5a; and for the chlorophyll a peak at
680 nm, Fig. 5b) and chlorophyll density. These associations were described by the following equations:
a*PAR = 100.47 ± 0.06 × chl (a + b) density–0.80 ± 0.03
(R2 = 0.94, p < 0.0001, n = 47)
a*680 = 100.64 ± 0.1 × chl a density–0.65 ± 0.06
(R2 = 0.75, p < 0.0001, n = 47)
This result indicates that chlorophyll efficiency for
light absorption decreases non-linearly as pigment
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Fig. 4. Thalassia testudinum. Variation along the second
youngest leaf in: (a) PAR average leaf absorptance (%) (solid
circles); chlorophyll (a + b) density (mg chl m–2) (open circles);
and leaf thickness (mm) (open squares); (b) chlorophyll (a + b)
density (mg chl m–2) (open circles); and SLA (cm2 g dw–1) (solid
squares). x-axis represents distance to leaf meristem (cm)

content per unit area increases (scaling coefficients are
–0.83 for a*PAR and –0.75 for a*680 after correction by
RMA regression analysis; Niklas 1994).
Comparing the specific absorption values estimated
for the chlorophyll a peak with those reported for Mentha aquatica (Enríquez & Sand-Jensen 2003), chlorophyll a showed lower light absorption efficiency in
Thalassia testudinum leaves than within M. aquatica
leaves for most of the range examined (38% on average, Fig. 5). Only the very low pigmented leaves of T.
testudinum showed the highest chlorophyll a efficiency in the whole data set (Fig. 6). The average a*680
value for T. testudinum (0.025 ± 0.002) was, however,
1.9 times higher than the average value for M. aquatica (0.013 ± 0.001) due to the 3-fold higher chlorophyll
a content shown by M. aquatica leaves (Fig. 6).
Finally, the average a*680 value estimated in this
study for Thalassia testudinum was compared to the
values estimated for 4 temperate Mediterranean seagrasses: Posidonia oceanica, Cymodocea nodosa, Zostera noltii, Z. marina; and 6 tropical seagrass species
from the Mexican Caribbean; T. testudinum, Halodule
wrightii, Syringodium filiforme and the Philippines:
Enhalus acoroides, Thalassia hemprichii, Halodule
uninervis, Halophila ovalis and Syringodium isoetifolium. T. testudinum leaves showed the highest light
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Fig. 5. Thalassia testudinum. Variation in the specific absorption coefficients (a*). (a) PAR average specific absorption coefficient (a*PAR, m2 mg pigm–1) as a function of chlorophyll (a + b)
density (mg chl m–2); (b) specific absorption coefficient at the
chlorophyll a peak at 680 nm (a*680, m2 mg chl a–1) as a function of the variation in chlorophyll a density (mg chl a m–2)
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Fig. 6. Thalassia testudinum and Mentha aquatica. Variation
in the specific absorption coefficients of T. testudinum (solid
circles) and M. aquatica (open squares) at the chlorophyll a
peak at 680 nm (a*680, m2 mg chl a–1) as a function of the variation in chlorophyll a density (mg chl a m–2)
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absorption efficiency among the 12 seagrass species examined, 2.4-fold higher
than the lowest values estimated for
S. isoetifolium, S. filiforme and P. oceanica
(Fig. 7). Comparing all of the variability in
a*680 considered in this study to the variation in chlorophyll a density, it was
observed that the 4 temperate seagrass
species showed, proportionally, the highest light absorption efficiency relative to
their chlorophyll a content (Fig. 8).
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The broad variability in pigment density
and leaf absorptance in the leaves of ThaFig. 8. Variation in the specific absorption coefficient at the chlorophyll a
lassia testudinum showed dissimilar variapeak at 680 nm (a*680, m2 mg chl a–1) as a function of the variation in chlorophyll
a density (mg chl a m–2) for leaves of Thalassia testudinum (solid
tion, as 1 order of magnitude variation in
circles)
and Mentha aquatica (small open squares). Large open squares and
pigment density was only reflected in a
vertical bars: mean ± SE values of a*680 for the leaves of the 12 seagrass
1.5-fold variation in leaf absorptance. The
species shown in Fig. 7 as a function of the species average in leaf chlorolow efficiency of leaf pigments for enhancphyll a density. Po: Posidonia oceanica; Cn: Cymodocea nodosa; Zm: Zostera
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ing light absorption within photosynthetic
structures has been referred to as the
package effect. This phenomenon was first empirically
paring differences between in vivo spectra of intact
and theoretically studied for algal suspensions by Duyand disrupted cells (Osborne & Geider 1989, Kirk
sens (1956), and by Kirk (1975a,b, 1976) and Morel &
1994), (2) estimating the photon path length (β, sensu
Bricaud (1981) for phytoplankton populations. The
Rühle & Wild 1979) or (3) describing the pattern of
package effect has been described through (1) comreduction in pigment light absorption efficiency as a
function of pigment per unit of projected area (e.g.
Geider & Osborne 1992, Enríquez & Sand-Jensen
0.03
2003). The analysis of the variation of the specific
absorption coefficient was chosen here to quantify the
0.025
magnitude of the package effect affecting the leaves of
T. testudinum. According to the allometric function
0.02
obtained, light absorption efficiency declines to the
0.83 power of pigment density. This value is similar to
0.015
the allometric scaling factor reported for chlorophyll a
packaging into Mentha aquatica leaves (Enríquez &
Sand-Jensen 2003). Despite this similarity, T. testudi0.01
num leaves showed lower chlorophyll a-specific
absorption coefficients than M. aquatica leaves for
0.005
most of the range examined, with the exception of the
very low pigmented leaves (Fig. 6). This result indicates that T. testudinum leaves are slightly less efficient for collecting light (38% on average) than the
Fig. 7. Average + SE of the specific absorption coefficient at
bifacial leaves of M. aquatica (Fig. 6). Seagrass leaves
the chlorophyll a peak at 680 nm (a*680, m2 mg chl a–1) for 4
do not have the specialized tubular palisade cells that
temperate seagrasses (Cymodocea nodosa, Posidonia oceanfacilitate the penetration of light into the leaf (Vogelica, Zostera marina and Z. noltii), 3 tropical seagrasses from
mann & Martin 1993), nor the spongy mesophyll that
the Mexican Caribbean (Halodule wrightii, Thalassia testudinum, Syringodium filiforme) and 5 tropical seagrasses
more efficiently increases the optical pathlength due to
from the Philippines (Enhalus acoroides, Halodule uninervis,
scattering at the interfaces between air spaces and
Halophila ovalis, Thalassia hemprichii, Syringodium isoeticells (Terashima & Saeki 1983). Yet, the larger chlorofolium); and an amphibious freshwater macrophyte, Mentha
phyll a packaging in seagrass leaves may be explained
aquatica. The number of spectroscopic determinations is
by the fact that photosynthetic pigments are located
shown at the top
M. aquatica

Z. noltii

Z. marina

T. testudinum

S. filiforme

T. hemiprichii
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within the thin epidermis. Nevertheless, the observation that temperate seagrass species showed 1.4 times
higher absorption coefficients than M. aquatica leaves
for similar chlorophyll a density (Fig. 8), implies that
the absence of a specialized mesophyll in seagrass
leaves and the appearance of a heterogeneous distribution of pigments has not necessarily led to a reduction
in pigment light absorption efficiency.
Multiple scattering is the mechanism that allows dispersive structures to intensify light absorption (Butler
& Norris 1960). Increments in the optical path length
resulting from multiple scattering within the photosynthetic structure may contribute to enhance light
absorption and to counterbalance pigment selfshading. The finding that the allometric scaling factors
are >–1, indicates that Thalassia testudinum leaves
have the capacity to counterbalance pigment selfshading as highly pigmented leaves are proportionally
more efficient than low pigmented leaves. Multiple
scattering has been demonstrated to occur within bifacial leaves of terrestrial plants (Vogelmann & Bjørn
1986), and its effect on the optical path length has been
estimated for Mentha aquatica leaves (β- at the 680 nm
chlorophyll a peak showed values β > 1, Enríquez &
Sand-Jensen 2003). The ability of M. aquatica leaves to
counterbalance pigment self-shading via multiple
scattering relies on leaf morphology; leaf thickness
directly contributes to enhance leaf absorptance, and
SLA is strongly and positively associated with increments in leaf light absorption efficiency (Enríquez &
Sand-Jensen 2003). No relationship between leaf
thickness nor any other leaf morphological descriptor
and leaf light absorption has so far been described for
seagrasses. Enríquez et al. (1992) did not find any significant effect of blade thickness on light absorption
properties of seagrass leaves, contrary to the findings
for phytoplankton (Morel & Bricaud 1981, Agustí
1991a,b), macroalgal species (Ramus 1978, 1990) and a
broad array of marine macrophytes (Enríquez et al.
1994). The comparison presented here does not
directly address this question; however, a significant
variation among sites in SLA (Table 1) with significant
effect on leaf absorptance was observed (Table 1,
Figs. 2 & 3). This study also shows a strong colinearity
between SLA, leaf thickness and pigment content
(Fig. 4). This result, in addition to the finding that
highly pigmented leaves are proportionally more efficient, suggests that leaf thickness and/or SLA may be
directly associated with the variation in light absorption efficiency of leaf pigments. Thus, thicker leaves
with lower SLA may reach higher values of leaf
absorptance for similar pigment density. According to
these relationships, seagrass leaves may have an opposite morphological response to light than the pattern
described for land plants (Björkman 1981). Consider-

ing that more than 80% of the leaf volume expansion
associated with increases in leaf thickness occurs in
the non-pigmented mesophyll surrounding the lacunar
system, seagrass leaves will experience insignificant
increases in pigment self-shading associated with increases in leaf thickness. Pigment efficiency for light
absorption could, therefore, be improved by increasing
the thickness of the unpigmented mesophyll. The presence of highly refractive structures such as air bubbles
within the lacunar system or intracellular crystals
within the epidermal cells (Dobbs et al. 2004) may also
strongly improve light absorption efficiency of leaf pigments.
Pigment content and leaf absorptance are major descriptors of the photoacclimatory leaf response (sensu
Falkowski & La Roche 1991, Iglesias-Prieto & Trench
1994). However, no significant differences among sites
were observed despite the fact that leaves grew in
meadows with depths between 0.5 and 4 m. The
largest variation was found along the same leaf
(Table 1), whereas variation among leaves at different
depths or environmental conditions was lower. The
broad intra-leaf variation confirms the dominant role of
the seagrass canopy in the regulation of the photoacclimatory leaf response of large seagrass species in a
shallow and oligotrophic environment. It also highlights the importance of accounting for this variability
in any experimental work that uses leaf pigment content as a descriptor of seagrass response, and calls for
caution in the use of leaf absorptance as a constant
value to estimate leaf photosynthetic rates such as ETR
from fluorescence determinations (Genty et al. 1989).
Variation in leaf area per unit of leaf biomass, SLA,
has also been considered of major importance to
explain differences within and among species in the
photoacclimatory leaf response (Björkman 1981, Enríquez et al. 1994, Markager & Sand-Jensen 1994,
Enríquez & Sand-Jensen 2003). SLA is a common
descriptor for terrestrial plant ecology, but has been
rarely used by seagrass ecologists. Interspecific differences in SLA, but moreover, in the species-specific
variability along a depth gradient have already been
reported (Olesen et al. 2002). Significant association
between SLA and leaf metabolism (maximum photosynthetic rates and dark respiration rates) have also
been reported (Enríquez et al. 2004). The potential of
SLA to monitor environmental changes in marine
coastal areas may have been obscured by the large
variability observed along seagrass leaves. The results
of this comparison, however, suggest the potential use
of SLA as a relevant descriptor in seagrass ecology.
The ecological consequences for seagrass survival
of the variation of light absorption efficiency of leaf
pigments have not been determined. Some authors
have concluded that despite the small effect of
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increasing pigment content on leaf absorptance, light
absorption efficiency of leaf biomass increases significantly with increasing pigment content per unit of leaf
weight. This may have important ecological consequences for seagrass survival under light-limited conditions (Enríquez et al. 1992, 1994, Enríquez & SandJensen 2003). Weight or mass-specific absorption
coefficient (aW*, cm2 mg mass–1) has been proposed as
a descriptor of leaf biomass efficiency in absorbing
light (Falkowski et al. 1985, Ramus 1990). As noted,
weight-specific absorption is a mathematical construct, but it is a useful parameter for comparison,
because it reflects the energy return per unit tissue
produced (Ramus 1990, Enríquez et al. 1994, Enríquez
& Sand-Jensen 2003). Variation in the weight-specific
absorption coefficient has been determined for Mentha aquatica leaves grown in 2 indoor experiments
under different light and nutrient treatments
(Enríquez & Sand-Jensen 2003). According to these
authors, the benefits of maximizing light absorption
efficiency, both per unit of pigment and leaf weight,
are not necessarily restricted to light-limited conditions; increases in light absorption efficiency under
optimal growth conditions (i.e. higher nutrient availability) may also contribute to enhance plant fitness
through increased plant relative growth rate. Weightspecific absorption coefficient values have been estimated for leaves of Posidonia oceanica and Cymodocea nodosa growing along a depth gradient (Olesen
et al. 2002). Both species showed similar values
except for the leaves grown in very deep meadows.
Significant interspecific variation has been observed
in a comparison of annual variation in leaf photosynthesis of 4 Mediterranean seagrasses (Enríquez et al.
2004). Among the 4 seagrasses examined (Posidonia
oceanica, Cymodocea nodosa, Zostera marina and
Z. noltii), Z. marina was the species that showed the
highest pigment- and weight-specific absorption
coefficient values. The possible dependence of leaf
weight-specific absorption on the variation in SLA still
needs to be examined, as well as the potential effect
of this variation on leaf growth and seagrass survival
under light-limited conditions.
In conclusion, chlorophyll a seems to be more
‘packed’ within Thalassia testudinum leaves than
within the bifacial mesophyll of Mentha aquatica.
However, this is not a general constraint of the specialized internal anatomy of seagrass leaves because temperate species have 1.4 times higher chlorophyll a efficiency than M. aquatica leaves with similar pigment
density. Multiple scattering within the tissue explains
the differential ability of leaves to counterbalance the
package effect. The comparison made here does not
directly address the effect of leaf morphology on the
optical properties of seagrasses. Some conclusions can,
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however, be used as hypotheses to be examined in
future work, such as the possible positive effect of leaf
thickness and negative effect of SLA on the variation of
light absorption efficiency of seagrass leaves. The ability to regulate light absorption efficiency per unit of
leaf pigment or per unit of leaf biomass may be of primary importance for plant survival under low-light
availability or under any environmental condition that
requires maximizing plant growth. Further work is still
necessary to fully understand the effect of leaf morphology on the optical properties of seagrass leaves
and, as a consequence, on plant performance.
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