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INTRODUCTION

Seagrasses are clonal plants that show a considerable
plasticity in module size and growth (Duarte 1991a,
Marbà & Duarte 1998, 2003). This phenotypic plasticity
allows them to adapt to a wide range of conditions, in-
cluding environmental heterogeneity and disturbance
(Hemminga & Duarte 2000). Light availability is con-

sidered one of the most important factors regulating the
morphology, physiology, and growth of seagrasses, and
is a key element to understand their biomass and distri-
bution (Dennison 1987, Hillman et al. 1989).

Seagrasses acclimate to their light environment in
a number of ways: at the population level by modi -
fying shoot density (e.g. Enríquez & Pantoja-Reyes
2005, Collier et al. 2007, Kaewsrikhaw et al. 2016), at
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the plant level by morphological changes (e.g.
Enríquez & Pantoja-Reyes 2005, Cabaço et al. 2009,
Olivé et al. 2013), or at the cellular level by adjusting
their photosynthetic apparatus (e.g. Sharon et al.
2009, Silva et al. 2013, Schubert et al. 2015). Impor-
tant photoprotective strategies that down-regulate
photosystem II activity in seagrasses involve the dis-
sipation of excess light energy as heat by specific
carotenoids (e.g. Flanigan & Critchley 1996, Marín-
Guirao et al. 2013, Schubert et al. 2015). Additionally,
some species have evolved strategies to regulate the
absorption of light energy through chloroplast move-
ments that cause changes in leaf absorptance (Drew
1979, Schwarz & Hellblom 2002, Sharon & Beer
2008), maximizing light absorption under low-light
conditions, while the avoidance response (chloroplast
clumping) reduces photodamage by minimizing chlo -
roplast exposure to high light levels (e.g. Kasahara et
al. 2002, reviewed by Takahashi & Badger 2011).

The different strategies to cope with changes in the
light environment are seemingly related to morpho-
logical traits of the seagrass species. For example,
large species, such as Posidonia oceanica and Tha-
lassia testudinum, respond to changes in their light
environment with adjustments at all aforementioned
levels (e.g. Dalla Via et al. 1998, Ruiz & Romero
2001, Enríquez & Pantoja-Reyes 2005, Cayabyab &
Enríquez 2007, Schubert et al. 2015), while small spe-
cies, such as Halophila spp., rely primarily on their
physiological capacity to adjust to environmental
changes, as they are unable to produce large multi-
layered canopies (low leaf area index values) (Drew
1979, Campbell et al. 2007, Sharon et al. 2009).

H. decipiens Ostenf. is one of the smallest sea-
grasses (rarely exceeding 3 cm) and is found world-
wide. It mostly occurs in the tropical regions of the
Atlantic and Indo-Pacific Oceans, but has also been
reported in the Mediterranean and the temperate
regions of the North Pacific and Southern Oceans
(Short et al. 2007). Its life strategy is well adapted to
fluctuating environments, as it can form extensive
seed banks (∼10 000−176 880 seeds m−2; McMillan
1988, Kuo & Kirkman 1995), which allows this
 species to re-establish populations after distur-
bance events. As an extremely fast-growing species
(Duarte 1991b), it is capable of surviving in dimin-
ished and fluctuating light regimes and is thus able
to succeed as an early recruiter in environments
where disturbances, such as storms, make conditions
unsuitable for maintaining perennial populations of
the competitively superior, larger, and longer-lived
seagrasses (e.g. Josselyn et al. 1986, Williams 1988,
McMillan & Soong 1989, Duarte 1991b, Jupp et al.

1996, Kenworthy 2000). Once climax species have
become established, H. decipiens is easily outcom-
peted, thus pushed into depth zones above and
below the distributional limits of its stronger competi-
tors (see Manuel et al. 2013).

In the Caribbean, H. decipiens is mostly restricted
to deeper coastal regions, while shallower depths are
dominated by T. testudinum, Syringodium filiforme,
and Halodule wrightii (Short et al. 2007, Manuel et
al. 2013). However, severe disturbances (e.g. storms,
hurricanes) can move H. decipiens seeds to shal-
lower depths (Bell et al. 2008). Hence, this species
has been found to occupy areas from just below the
intertidal to depths of >50 m (e.g. den Hartog 1970,
McMillan 1988, Kenworthy et al. 1989, Fourqurean
et al. 2001, Short et al. 2007, Manuel et al. 2013),
showing the capacity to successfully thrive in both
high- and low-light environments. Likewise, it seems
reasonable to assume that H. decipiens exhibits a
high degree of phenotypic plasticity, both at the mor-
phological and physiological level, to withstand light
stress but also light-limiting conditions.

In the present study, we characterized morpho -
logical traits of H. decipiens plants, such as leaf
 morphology and internode length, as well as their
physiological performance and their ability to accli-
mate to changing ambient light conditions at a shal-
low (0.5 m) and a deep site (8.5 m). Acclimatization
ability was evaluated by using reciprocal transplan-
tation, which represents a useful technique to gain
insights into a species’ environmental tolerances to
changes in environmental conditions, and thus, into
its capacity for phenotypic plasticity (Phillips 1974,
1976). After 10 d, the maximum electron transport
rate (ETRmax), electron transport efficiency (αETR),
and ability to withstand light stress (photoprotective
capacity as non-photochemical quenching and photo -
synthetic efficiency ΔF/Fm’) were evaluated in trans-
plants and in plants that originated at the site. In
addition, we assessed the presence and effectiveness
of chloroplast movement in this species as a mecha-
nism enabling the plants to rapidly respond to chang-
ing ambient light, as previously reported for H. stip-
ulacea (Drew 1979, Schwarz & Hellblom 2002,
Sharon & Beer 2008).

MATERIALS AND METHODS

Study site

The study site is located at Bocas del Toro, Panama
(Smithsonian Tropical Research Institute, 9°20’25’’N,
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82° 14’ 31’’ W), and is characterized as a protected em -
bayment dominated by siliciclastic sediments. Tha -
lassia testudinum is the dominant seagrass from about
1−7 m depth, while Halophila decipiens beds are com-
mon from 0.3−1 m and below 7 m, outside of the distri-
butional ranges of T. testudinum. The light intensity
reaching plants in the shallow vs. deep site was deter-
mined on a cloudless day using the light sensor of a
pulse-amplitude modulated fluorometer (Diving-PAM,
Heinz Walz) calibrated against a LiCor LI-1400 Data-
Logger quantum sensor. H. decipiens plants growing
at 0.5 m received 53% of the light intensity at the
water surface (E0), while plants growing at 8.5 m re-
ceived 12% E0. Midday light intensities reached maxi-
mum values of ~1000 and ~230 µmol quanta m−2 s−1 at
the shallow and the deep site, respectively.

Transplantation experiment

We performed a reciprocal transplant experiment to
assess the potential of H. decipiens plants to acclimate
to different light environments. Whole plants (n = 10),
including roots and rhizomes, were collected from the
aforementioned shallow and deep beds. Plants were
then transplanted (from shallow to deep and from
deep to shallow) in separate 3 l plastic containers
filled with sand from the transplantation site and
buried to be level with the sediment. To eliminate the
possibility of transplantation disturbance biasing our
results, transplantation controls (plants transplanted
to the site from which they originated) were treated
identically to transplanted individuals. After 10 d,
transplanted H. decipiens and controls were collected
for morphological and physiological measurements.

Morphological characterization

To compare morphological characteristics of plants
in shallow vs. deep beds, 10 plants were haphazardly
selected from a shallow (0.5 m below MLLW) and a
deep (8.5 m below MLLW) site and taken back to the
laboratory for measurements. Leaf length and width
were measured to the nearest mm for each leaf, and
an average was calculated per genet. An average
internode distance was also calculated for each plant,
as the distance between each set of leaf nodes to the
nearest mm. Leaf thickness was determined by
measuring the width (to the nearest 5 µm) of cross
sections (adjacent to the central vein) taken from the
center of the leaf for 1 haphazardly selected leaf per
plant using a light microscope (Nikon Eclipse E600).

Physiological characterization

To characterize H. decipiens from both sampling
sites (n = 4 from each site) and to determine the phys-
iological plasticity upon transplantation, electron
transport rates (ETR) and the response to high-light
exposure were determined by chlorophyll a fluores-
cence. ETR curves were measured with the Diving-
PAM, and a 150 W Fiber Optic Illuminator (Techni-
Quip) was used as an external light source, adjusting
the different light intensities with screening filters.
The Diving-PAM fiber optic cable was placed at a 60°
angle to the sample to avoid shading, and the quan-
tum yields were measured following a saturating
light pulse. The maximum quantum yield (Fv/Fm) was
determined after 1 h of dark-incubation using a
shade cloth while maintaining the leaves in aerated
seawater. Afterwards the leaves were exposed to
increasing light intensities, and the effective quan-
tum yield (ΔF/Fm’) was measured after the signal had
stabilized. ETR was calculated as:

ETR = ΔF/Fm’ × 0.5 × PAR × A (1)

where ΔF is the difference between maximum (Fm’)
and minimum (F) fluorescence under light exposure,
PAR is photosynthetically active radiation, and A is
the absorptance factor of each leaf determined im -
mediately after finishing the measurements (see
below). The ETRmax values were obtained by plotting
the ETR values against the different light intensities
and adjusting them to an exponential fit [a(1 − e−bx)].
The αETR values were obtained from the initial slope
of the light response curve by linear least-squares
regression analysis.

Accurate determination of ETR using  PAM-
fluoro metry is dependent upon knowledge of the
amount of light absorbed by the photosynthetic
tissue. Thus, to ensure that ETR differences among
plants resulted from underlying photophysiological
differences, and were not merely a result of differen-
tial absorptance among treatments, we measured and
corrected for the absorptance determined for each
leaf measured, using the methodology de scribed by
 Vásquez-Elizondo et al. (2017). Leaf absorption was
measured under a 150W Fiber Optic Illuminator
(TechniQuip) using the Diving PAM’s light sensor
calibrated against a LiCor LI-1400 Data-Logger
quantum sensor. We measured the amount of light
passing through bleached leaves (i.e. leaves soaked
in acetone to remove photosynthetic pigments) col-
lected from both sites, followed by live leaves from
the respective site. Between measurements, we main -
tained a constant distance between the light source
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and leaf as well as between the light sensor and leaf.
The bleached blades absorbed between 11 and 13%
of the incident light. By correcting the absorption of
the pigmented blade by this value, the absorptance
(i.e. fractional light absorbed by pigments) was deter-
mined, with average values ranging from 0.43 to 0.56
(shallow plants: 0.43 ± 0.08 SD; deep plants: 0.56 ±
0.006; shallow to deep transplants: 0.45 ± 0.035; deep
to shallow transplants: 0.44 ± 0.06).

The response to light stress was determined by
acclimating the plants (n = 4 for each site and trans-
plant) for 1 h in darkness, as described above, to
determine the maximum quantum yield (Fv/Fm) and
afterwards by measuring the response of the effec-
tive quantum yield (ΔF/Fm’) during and after expo-
sure of H. decipiens blades to 850 µmol quanta m−2

s−1. The plants were exposed to light for 1 h, and
afterwards the recovery was measured for another
hour under dim-light conditions. Before starting the
measurements, the blades were fixed in a leaf clip to
ensure that the same leaf area was always measured
so that from these measurements the non-photo-
chemical quenching (NPQ) could be calculated as:

NPQ = (Fm − Fm’) / Fm’ (2)

To compare the induction and relaxation kinetics,
the data were fitted to exponential models as de -
scribed by Schubert et al. (2015), from which the val-
ues for NPQmax, for NPQ induction and relaxation
rates (kind and krelax) and for NPQrelax (value to which
NPQ levels off) were obtained.

Chloroplast movement

The chloroplast distribution of samples from the
shallow and the deep site were compared by taking
freshly collected blades quickly (within minutes) to the
laboratory to be placed on microscope glass slides and
photographed using a light-microscope (Nikon Eclipse
E600). Also, the corresponding ab sorptance values for
these samples were determined as described above,
and the effects of high-light stress on chloroplast distri-
bution, and hence, on ab sorptance values, were deter-
mined in samples from both sites by exposing the
blades (n = 5) to 850 µmol quanta m−2 s−1 for 1 h.

Additionally, the effect of light intensity on chloro-
plast position and its consequence for light absorp-
tion was assessed during a 24 h cycle on H. decipiens
plants from the shallow site. During a cloudless day,
5 blades were removed every 2 h, absorptance was
determined, and afterwards they were photographed
as described above.

Statistical analysis

One-way ANOVA was used to test for differences
in morphological traits and physiological parameters
between depths, as well as for the differences be -
tween transplants and plants originated on the site.
Newman-Keuls significant difference post hoc tests
were used to identify the statistically different groups.
Homogeneity of the variance was tested a priori
using Cochran’s test. All statistical analyses were run
with the Statistica software package and considered
significant at p < 0.05.

RESULTS

Morphological plasticity

Halophila decipiens plants collected at different
depths exhibited significant differences in leaf mor-
phology. Plants from the deep site (8.5 m) showed
wider, longer, and thicker leaves, resulting in a
greater leaf surface area and exhibited a higher dis-
tance between leaves (internode length) compared to
plants from the shallow site (0.5 m; Table 1). Also, the
ratio of above- to below-ground biomass was
 significantly higher in plants from the deeper site
(Table 1).

After 10 d following transplantation, the plants
showed acclimation to the changed light environ-
ment that resulted in significantly shorter and nar-
rower leaves in plants that were transplanted from
the deep to the shallow site, compared to their origi-
nal site (Table 1). In contrast, no increases in leaf area
through larger and wider leaves were detected in
shallow plants transplanted to the deep site (Table 1).

Physiological plasticity

Plants from different depths exhibited significant
differences in their physiology. In general, shallow H.
decipiens showed lower photosynthetic perform-
ance, expressed as lower values of Fv/Fm, ETRmax,
and αETR, compared to deeper plants (Fig. 1A,B;
Table 1). The plants also showed differences in the
photosynthetic response upon high-light exposure,
mea sured as effective photochemical efficiency
(ΔF/Fm’). While shallow plants responded to 1 h of
high-light exposure with a decrease in ΔF/Fm’ to 37%
of the initial values, plants from the deep site exhib-
ited a higher, though not statistically significant, de -
crease in ΔF/Fm’ (18% of the initial values), which
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was accompanied by a significantly lower recovery
(38% of the initial value) compared to plants from the
shallow site (61% of the initial value, Fig. 1C,D;
Table 1). These differences were also reflected in the
photoprotective capacity determined as NPQ. Upon
high-light exposure during 1 h, plants from the shal-
low site reached significantly lower maximum NPQ
(NPQmax) values, but expressed higher NPQ induc-
tion rates compared to plants from the deep site
(Fig. 1E,F; Table 1). After light exposure, NPQ re -
laxed at different rates in plants from different
depths, resulting in NPQ dissipation of 51% in plants
from the deep site, while shallow plants relaxed 91%
of the induced NPQ during the same time, resulting
in significantly different NPQrelax values between sites
(Fig. 1E,F; Table 1).

After 10 d following transplantation, plants trans-
planted from the deep to the shallow site were able to
adjust their photosynthetic performance to the trans-
plantation site, with no significant differences com-
pared to plants that originated at the site (Fig. 1A;
Table 1). The only exception was found related to the
high-light response, as the plants transplanted from
the deep to the shallow site recovered better upon 1 h
of light stress compared to plants that originated at
the site, most likely related to the significantly higher
NPQ relaxation rate (Fig. 1C,E; Table 1).

H. decipiens transplanted from the shallow to the
deep site were not able to acclimate their photosyn-

thetic per formance to the transplantation site during
the experimental time frame (Fig. 1B; Table 1).
Although the Fv/Fm values adjusted to the transplan-
tation site, in creasing from 0.68 (original site) to 0.74,
there was only a slight increase in αETR (9%) in the
transplants, which was still below the values found in
the plants that originated at the deep site (Table 1).
Surprisingly, in stead of the expected increase to
achieve values similar to plants that originated at the
site, ETRmax values of the plants transplanted to the
deep site decreased by 18%, reaching values lower
than at either site (Fig. 1B). On the other hand, the
processes related to short-term light stress seemed to
have adjusted during the 10 d, as the light stress
response of ΔF/Fm’ and its recovery, as well as the
induction of NPQ, showed no significant differences
between transplanted plants and those originated at
the site (Fig. 1D, F; Table 1). The photoprotective
capacity increased in the transplanted plants from
NPQmax of 2.6 to 3.5, but was still lower and relaxed
significantly slower than in the plants that originated
at the deep site (Table 1).

Absorptance changes due to chloroplast movement

When freshly collected at noon, the chloroplast dis-
tribution in H. decipiens plants was different be tween
the deep and the shallow site. In the leaves from the
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Parameter Shallow Deep Deep→Shallow Shallow→Deep

Morphology
Leaf width (cm) 0.44 ± 0.03a 0.59 ± 0.03b 0.42 ± 0.07a 0.42 ± 0.03a

Leaf length (cm) 1.39 ± 0.1a 1.94 ± 0.1b 1.31 ± 0.05a 1.44 ± 0.1a

Leaf surface area (cm2) 0.48 ± 0.1a 0.9 ± 0. 1b 0.44 ± 0.06a 0.47 ± 0.06a

Leaf thickness (µm) 48 ± 6.3a 67 ± 9.5b nm nm
Internode length (cm) 1.76 ± 0.3a 2.26 ± 0.6b nm nm
A:B biomass 1.87 ± 0.88a 4.07 ± 1.55b nm nm

Physiology
Fv/Fm 0.68 ± 0.02a 0.74 ± 0.01b 0.65 ± 0.01a 0.74 ± 0.01b

ETRmax 14 ± 1a 20.4 ± 1b 14 ± 1a 11.5 ± 1.3a

αETR 0.11 ± 0.01a 0.19 ± 0.01b 0.11 ± 0.01a 0.12 ± 0.01a

ΔF/Fm’exposure (% of initial) 37 ± 11a 18 ± 3a 43 ± 3a 22 ± 1a

ΔF/Fm’recovery (% of initial) 61 ± 5a 38 ± 6b 78 ± 1c 44 ± 3b

NPQmax 2.6 ± 0.6a 4.3 ± 0.6b 2.8 ± 0.4a 3.5 ± 0.6ab

NPQrelax 0.5 ± 0.2a 2.1 ± 0.5b 0.5 ± 0.2a 1.2 ± 0.5a

kind (NPQ) 0.35 ± 0.1a 0.026 ± 0.007b 0.34 ± 0.03a 0.048 ± 0.02b

krelax (NPQ) 0.1 ± 0.1a 0.12 ± 0.008a 0.7 ± 0.07b 0.07 ± 0.02a

Table 1. Morphological and physiological characterization of Halophila decipiens plants from a shallow (0.5 m) and a deep site
(8.5 m) and from plants measured 10 d following reciprocal transplantation. Values are mean ± SD, and different superscript
letters indicate significant (p < 0.05) differences within rows (1-way ANOVA, Newman-Keuls). A:B biomass: above- to below-
ground biomass ratio, Fv/Fm (ΔF/Fm): maximum (effective) quantum yield, ETR: electron transport rate, max: maximum, αETR:
electron transport efficiency, NPQ: non-photochemical quenching, kind (krelax): NPQ induction (relaxation) rate, NPQrelax: value 

to which NPQ levels off. nm: not measured
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deep site, which grow under 12%
E0, the chloroplasts were uniformly
distributed throughout the cells,
whereas we observed chloroplast
clumping in the leaves from
the shallow site, where 53% E0

reached the plants (Fig. 2). The ob-
served difference in chloroplast
distribution led to significant dif-
ferences in the amount of light ab-
sorbed by leaves from the deep
and shallow site (ANOVA, F =
12.33, p = 0.0098). The more uni-
form chloroplast distribution in
leaves collected at the deep site
 resulted in a higher absorptance
value (57 ± 2 SE %) compared to
leaves from the shallow site that
showed chloroplast clumping (48 ±
2%). However, after light exposure
for 1 h to 850 µmol quanta m−2 s−1,
chloroplast clumping was observed
in leaves from both sites, resulting
in similar absorptance due to a de-
crease in the amount of light ab-
sorbed by the leaves from the deep
site to 47 ± 2% (Fig. 2).

These changes in leaf absorp-
tance due to chloroplast movement
could also be observed along a di-
urnal cycle in plants from the shal-
low site. The recorded changes in
chloroplast distribution resulted in
variations in absorptance ranging
from 0.41 to 0.54 (Fig. 3). Highest
tissue absorptance was recorded just
after sunrise as a result of evenly
dispersed chloroplasts (Fig. 3). The
highest ambient light levels at
noon resulted in a decrease in ab-
sorptance to 0.48 due to chloroplast
clumping. Finally, at sunset and
through the night, absorptance val-
ues were steady between 0.4 and
0.45 with tightly clumped chlo ro -
plasts along the cell perimeter
(Fig. 3).

DISCUSSION

Light gradient represents one of
the main limiting factors for mar-

86

D

Time (min)
0 20 40 60 80 100 120

0

20

40

60

80

100

B

0 200 400 600 800 1000

Irradiance (µmol quanta m-2 s-1)

0

5

10

15

20

F

Time (min)
0 20 40

Deep origin
Shallow to deep transplant

60 80 100 120

0

1

2

3

4

5
E

Time (min)
0 20 40 60 80 100 120

N
PQ

0

1

2

3

4

5

C

Time (min)
0 20 40 60 80 100 120

0

20

40

F/
F m

' (
%

 o
f i

ni
tia

l)

60

80

100

A

0 200 400 600 800 1000

Irradiance (µmol quanta m-2 s-1)

0

5

ET
R

 ( µ
m

ol
 e

-  m
-2

 s-
1 )

10

15

20

Shallow origin
Deep to shallow transplant

Fig. 1. Physiological characterization of Halophila decipiens plants from different
depths and their reciprocal transplants. (A, B) Electron transport rate (ETR) curves.
(C, D) Effective photochemical efficiency (ΔF/Fm’). (E, F) Photoprotective capacity
expressed as non-photochemical quenching (NPQ), both upon high light exposure
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The panels on the left represent plants moved to the shallow site (0.5 m), including
shallow controls (white circles) and deep to shallow transplants (black triangles).
The panels on the right are plants moved to the deep site (8.5 m) with deep controls
as black circles and shallow to deep transplants as white triangles. All values repre-

sent mean ± SE
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ine photo-autotrophs, shaping their vertical distribu-
tion according to their photoacclimatory plasticity.
Halophila spp. have been reported as being highly
phenotypically plastic, able to acclimate to changing

light environments in a matter of days (Durako et al.
2003, Sharon et al. 2009), acclimating to lower light
levels by decreasing photosynthetic capacity, while
increasing leaf area and pigment contents, and thus
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the efficiency to absorb light (Table 2). In the present
study, we found that the most widely distributed
Halophila species, H. de cipiens, similar to its con-
geners, ex hibits high phenotypic plasticity, with the
ability to acclimate to contrasting light conditions
upon transplantation. Surprisingly, however, its
physiological adjustments differ from those of other
Halophila spp., showing more difficulty to acclimate
to re duced light levels, while able to completely accli-
mate to higher light conditions.

In general, H. decipiens is considered a shade-
adapted seagrass species, exhibiting a number of
morphological and structural adaptations to a vari-
able and low-light environment, e.g. low leaf area
index to reduce self-shading and microscopic leaf
features related to maximizing light-harvesting
capacity, including thin cell walls, den sely packed
chloroplasts, and simple leaf anatomy of only 2 cell
layers (Josselyn et al. 1986). However, the presence
of this species at very shallow depths, where it is
exposed to high-light conditions, as well as the
adjustments of the photo synthetic apparatus of H.
decipiens within days to a changing light environ-
ment upon reciprocal transplantation, demonstrates

the high plasticity and tolerance of this species. This
capacity to quickly adjust physiologically upon trans-
plantation to different depths has also been found in
the congeners H. johnsonii and H. stipulacea (Durako
et al. 2003, Sharon et al. 2009).

The comparison of H. decipiens plants from differ-
ent depths showed a clear differentiation in morphol-
ogy and physiology, indicative of acclimation plasti-
city to cope with a gradient in light availability.
Longer and wider leaves were found on plants at the
deeper site, in agreement with reports in other
Halophila spp. (Table 2), as well as other seagrass
species (e.g. Olesen et al. 2002, Tanaka & Nakaoka
2004, Peralta et al. 2005, Cabaço et al. 2009). In
 general, leaf morphological adjustments to light
reduction in seagrasses have been documented to
be highly variable amongst taxa, ranging from de -
creases, to no changes or increases in leaf size
(reviewed by Ralph et al. 2007). However, increased
leaf length and higher distance between shoots (in -
ternode length), as found here, have been reported
in several seagrass species (e.g. Table 2) and inter-
preted as an acclimation to lower irradiance, as they
increase light capture and improve light availability
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Species Depth of studied Morphological and physiological differences Reference
populations (m) shallow→deep

H. decipiens 0.5−8.5 ↑ Leaf width, length, area and thickness, This study
(0−85 m) internode length, above:below ground biomass

↑ ETRmax, αETR, Fv/Fm

H. stipulacea 2−18 ↓ Pmax Drew (1979)

(0−70 m) 0−30 ↑ Leaf length and area, above:below ground biomass Lipkin (1979)

7−30 ↑ Leaf length, absorbance Schwarz & Hellblom (2002)
↓ ETRmax

8−33 ↓ ETRmax Sharon et al. (2009)
↑ [Chl]

1−48 ↓ ETRmax Sharon et al. (2011)
↑ [Chl]

4−28 ↑ Leaf length and area, [chl] Rotini et al. (2017)
↓ [Phenolics]

H. ovalis 0−10 ↓ ETRmax Bité et al. (2007)
(0.1−35 m) ↑ αETR, absorbance

0−10 ↓ ETRmax Campbell et al. (2007)
↑ αETR, Fv/Fm

2−13 ↑ Leaf width and length Xu et al. (2011)

0−6 ↑ Leaf width, length, and area Kaewsrikhaw et al. (2016)
↓ Shoot density

H. johnsonii 0−2 ↓ ETRmax Durako et al. (2003)
(0−3 m) ↑ αETR, Fv/Fm, [chl]

Table 2. Summary of photoacclimatory differences in morphology and physiology between shallow and deep Halophila pop-
ulations. Reported depth ranges (m) for the species are given in parentheses. Pmax: maximum photosynthetic capacity; other 

abbreviations as in Table 1
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by decreasing leaf self-shading (Josselyn et al. 1986,
Duarte 1991a, Longstaff & Dennison 1999). These
morphological adjustments were accompanied by dif -
ferences in their photophysiology, with plants from
the deeper site exhibiting higher photosynthetic
activity and efficiency compared to plants from the
shallow site.

After 10 d following reciprocal transplantation, the
plants transplanted to the shallow site exhibited mor-
phological and physiological characteristics consis-
tent with plants that originated from the transplant
site (see Fig. 1), thus showing the species’ capacity
to make quick adjustments to higher light levels, in
order to optimize photosynthetic performance. In
contrast, plants transplanted to the deep site exhib-
ited incomplete acclimation to reduced light levels.

Morphologically, plants from the deep site adjusted
to the high-light environment at the shallow site by
producing smaller leaves compared to their original
site, therefore decreasing the leaf area, a feature also
reported in other Halophila and seagrass species
(Table 2; e.g. Olivé et al. 2013, Park et al. 2016). In
contrast, shallow plants transplanted to the deep site
did not show morphological adjustments over the
10 d period, similar to H. johnsonii under reduced
light conditions (Gavin & Durako 2012).

The differences in the response of leaf morphology
upon transplantation in H. decipiens was also par-
tially reflected in the plants’ physiological acclima-
tion, which was more complete in plants transplanted
from the deep to the shallow site compared to the
opposite transplant (Table 1). Plants that originated
at the shallow site were not able to adjust their pho-
tosynthetic efficiency (αETR) and maximum capacity
(ETRmax) within 10 d to the lower light availability at
the deep site. This might indicate difficulties for this
species to induce the synthesis of new chlorophyll
and increase enzyme concentration (e.g. Rubisco), in
order to increase αETR and ETRmax, respectively,
rather than its loss, probably related to the fact that
H. decipiens is an ephemeral/annual species (e.g.
Kenworthy 2000, Hammerstrom et al. 2006), with
 little non-photosynthetic tissue support and thus little
capacity for carbohydrate storage (Josselyn et al.
1986, Duarte 1991b, Longstaff et al. 1999). These
results are in contrast to previous studies on H. stipu-
lacea and H. johnsonii, where both species achieved
photosynthetic acclimation upon reciprocal trans-
plantation within 4 to 14 d (Durako et al. 2003,
Sharon et al. 2009). This might be related to differ-
ences in transplantation depths. For example, Sharon
et al. (2009) performed a reciprocal transplantation of
H. stipulacea between depths of 8 and 33 m. It is fea-

sible to assume that in the case of H. decipiens, a
transplantation from the deep site at 8.5 m to an even
deeper site would have yielded the same results as in
the case of H. stipulacea. This is also supported by
the results of the physiological comparison between
plants originating from the 2 depths, showing an
inverse pattern as reported in other Halophila spp.
(see Table 2), indicating that the plants at the shallow
depth are exposed to an extremely stressful environ-
ment, while they seemingly cope better with the light
conditions at the deeper site.

The general better physiological performance of
the plants from the deeper site agreed with the rather
shade-adapted nature of H. decipiens, indicating
that they were not light-limited at 8.5 m depth with
12% E0, but rather stressed at the shallow site with
53% of incident irradiance. It also suggested that the
wide tolerance of H. decipiens to changing light en -
vironments is probably accompanied by costs that
result in a decrease in fitness under high-light condi-
tions, even when an optimal phenotype for this light
environment is expressed (Pigliucci 2005, van Kleunen
& Fischer 2005). The survival of H. decipiens under
the high-light conditions at the shallow site was ac -
complished through adjustments of the leaf area and
photosynthetic apparatus, in order to decrease light
absorption, which resulted in reduced photosynthetic
light efficiency (lower α). This was most likely ac -
companied by higher maintenance costs related to
the expression of effective photoprotective mecha-
nisms and/or increased photodamage repair. This
higher investment of plants inhabiting shallow areas,
compared to plants from higher depths, has also been
shown recently in other seagrass species, such as
Posidonia oceanica (Dattolo et al. 2014, Procaccini et
al. 2017).

The presence of H. decipiens at 0.5 m depth,
where it had to cope with light intensities of more
than 2000 µmol quanta m−2 s−1 of incident light, was
related to the expression of efficient photoprotective
mechanisms, such as related to energy dissipation
and to absorptance changes due to chloroplast move-
ment. The energy-dissipating mechanism exhibited
fast induction and relaxation rates (<1−2 min) indica-
ting a possible relationship to xanthophyll cycling,
the most important photoprotective mechanism in
higher plants (Demmig-Adams & Adams 1992) which
has also been reported in other seagrass species (e.g.
Flanigan & Critchley 1996, Ralph et al. 2002, Marín-
Guirao et al. 2013, Schubert et al. 2015). The maxi-
mum NPQ values determined in this study (2.6−4.3)
were similar to the values reported in H. stipulacea
(maximum values of 3.2 during midday; Sharon &
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Beer 2008). This photoprotective mechanism was
down-regulated in plants acclimated to lower light
conditions, resulting in slower NPQ induction with-
out stabilizing, which could be indicative of quench-
ing related to photodamage (qI; see review by Krause
& Jahns 2004) and was also supported by the suste-
nance of a high proportion of NPQ (NPQrelax) under
recovery conditions (Table 1). Unusually, the plants
acclimated to the lower light availability at the deeper
site reached higher NPQ values compared to shal-
low, high-light acclimated organisms. This discrep-
ancy could have been related to the aforementioned
qI quenching component but might also be partially
related to the chloroplast movement observed in H.
decipiens that resulted in changes in light absorption
during light exposure in plants from both sites.

High-light-induced chloroplast movements affect
fluorescence emission, which according to Brugnoli
& Björkman (1992) does not have an effect on the
maximum and the effective quantum yield, indica-
ting that chloroplast movement has no effect on
photo synthetic efficiency. However, it could be erro-
neously interpreted as a quenching of Fo, Fm, and Fv,
and thus result in overestimations of NPQ. These
overestimations due to chloroplast movement have
been reported to be in the range of as little as 2−3%
in Helianthus (2% absorptance changes due to
chloroplast movement), but also as high as 20% in
the shade-adapted Oxalis that showed 19% absorp-
tance changes due to chloroplast movement (Brug-
noli & Björkman 1992). In our case, overestimation
of NPQ would have been higher in plants collected
at the deep site, as their absorptance changes due
to chloroplast movement upon high light exposure
were higher (10% decrease) compared to plants from
the shallow site (4% decrease; see Fig. 2).

This is the first report of the occurrence of chloro-
plast movement in response to light intensity in H.
decipiens, a feature of seagrasses observed so far
only in H. stipulacea (Drew 1979, Schwarz & Hell-
blom 2002, Sharon & Beer 2008). Chloroplast move-
ment represents one of the strategies plants use to
optimize light absorption and the photochemical and
biochemical machinery necessary to process the
absorbed photons (reviewed by Wada et al. 2003). It
is usually a light-dependent process, with high-light
intensity inducing an orientation that lowers the effi-
ciency of light absorption while dim light stimulates
positions that maximize light absorption. Therefore,
it is thought that chloroplast movement supports
maximum light absorption under dim light, while
under high light it presents a protective mechanism
against photodamage (Park et al. 1996, Kasahara et

al. 2002). In H. decipiens, the chloroplast movement
and its related changes in light absorption during the
day, as well as the observed differences in chloro-
plast distribution between leaves from the shallow
and deep site, indicate its involvement in maximizing
light absorption under low light intensities, but also
its function as a photoprotective mechanism under
high irradiances. This agrees with a study on H. stip-
ulacea (Schwarz & Hellblom 2002), which showed
that chloroplast clumping reduced the amount of
light absorbed by shallow plants to 55% compared
to 85% in plants at 30 m. However, the chloroplast
response to light seems to vary between Halophila
species: in H. stipulacea, a different diurnal pattern
has been found, with the highest absorptance values
before sunrise and a linear decrease until midday
resulting in changes in light absorption of about 20%
(Sharon & Beer 2008). In H. decipiens, on the other
hand, the changes in light absorption due to chloro-
plast movement under high irradiances did not ex -
ceed 10% during daytime (Fig. 3). Also, the highest
absorptance values in this species were found at
08:00 h, with a subsequent decrease in absorptance
as light intensity increased (Fig. 3) that indicated
maximizing light absorption under light-limited con-
ditions, as after sunrise, and minimizing it under
excess light intensities and at night. A similar chloro-
plast response has also been shown in Ulva lactuca
and has been explained by a daily endogenous, non-
light-induced chloroplast movement that results in
minimum light absorption during dawn and dusk fol-
lowed by a light-induced chloroplast movement after
sunrise (Britz et al. 1976). In the present study, how-
ever, it seems that chloroplast clumping is a direct
consequence of ambient light levels, and not an
endogenous cycle, as high-light exposure for 1 h re -
sulted in plants from both sites having similar ab -
sorptance values, despite their different pre-exposure
values (Fig. 2).

World-wide, Halophila species are recognized for
their widespread distribution in deep water (Kenwor-
thy et al. 1989, Short et al. 2007) and their abundance
in variable environments where factors such as light
regularly fluctuate and larger species cannot persist
(e.g. Williams 1988, Kuo & Kirkman 1995, Long -
staff et al. 1999, Manuel et al. 2013). Their success
has mainly been attributed to their life history strat-
egy, i.e. sexual reproduction, continuous flowering
through out the year, and the production of ex tensive
seed banks that can remain dormant under unfavor-
able conditions and germinate when the light envi-
ronment is suitable for vegetative growth (McMillan
1988, Williams 1988, Kuo & Kirkman 1995). However,
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their life strategy alone does not provide a complete
explanation for their unique distribution and abun-
dance, as the movement en masse of their seed reser-
voirs due to disturbances operating over large spatial
scales (e.g. storms, hurricanes) can lead to redistribu-
tion of potential recruits (Hammerstrom et al. 2006,
Bell et al. 2008), including a vertical up ward move-
ment (Bell et al. 2008). Thus, for this life strategy to
be effective, the success of this species will also
depend on its physiological plasticity, which allows it
to survive in contrasting light environments under
which germination of the seed might occur. Our
study, supported by previous work, demonstrates
that in fact, Halophila spp. possess a high degree of
phenotypic plasticity that allows these species to sur-
vive and thrive in contrasting light environments, as
well as to adjust quickly to changes in light levels.
Taken together, these characteristics (sexual repro-
duction, year-round flowering, seed banks, pheno-
typic plasticity) give Halophila spp. an ecological
advantage, ensuring the survival and success of these
poor competitor species, even under unfavorable
light conditions. It guarantees the success of these
species, even when marginalized to the vertical dis-
tributional limits of dominant climax species with
longer shoot longevity, such as Thalassia testudinum
and Syringodium filiforme, which have limited sex-
ual reproduction (Lewis & Phillips 1980, McMillan
1981) and a lower physiological plasticity to chang-
ing light conditions (Dawes 1998, Major & Dunton
2000, Cayabyab & Enríquez 2007).
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