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Leaf characteristics and gas exchange
of the mangrove Laguncularia racemosa as affected by salinity
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Abstract

Under constant salinity we analysed the leaf characteristics of Laguncularia racemosa (L.) Gaertn. in combination with
gas exchange and carbon isotopic composition to estimate leaf water-use efficiency (WUE) and potential nitrogen-use
efficiency (NUE). NaCl was not added to the control plants and the others were maintained at salinities of 15 and 30 %o
(So, Si5, and Sgy, respectively). Leaf succulence, sodium (Na), nitrogen (N), and chlorophyll (Chl) contents increased
under salinity. Salinity had a negative impact on net photosynthetic rate (Py) and stomatal conductance (gs) at high and
moderated irradiances. Potential NUE declined significantly (p<0.05) with salinity by 37 and 58 % at S35 and Ssy, re-
spectively, compared to S, plants. Conversely, compared to Sy plants, Pn/gs increased under saline conditions by 12 %
(S15) and 50 % (S3g). Thus, WUE inferred from Py/gs was consistent with salinity improved short-term WUE. Long-term
leaf WUE was also enhanced by salinity as suggested by significantly increased leaf 5**C with salinity. Improved WUE
under salinity explains the eco-physiological success of mangrove species under increasing salinity. Conversely, decline
in NUE may pose a problem for L. racemosa under hyper-saline environments regardless of N availability.

Additional key words: leaf succulence; net photosynthetic rate; nitrogen use efficiency; sodium accumulation; stomatal conductance;

water use efficiency; 8*°C.
Introduction

Competitive exclusion by fast-growing glycophyte
species seems to limit mangrove species to saline habitats
(Sternberg and Swart 1987). Mangrove species differ in
morphological, phenological, and physiological responses
to salinity, and the species differences are consistent with
the particular zone they occupy within mangrove
ecosystems (Ball 1996). Thus, competitive exclusion
along spatial salinity gradients seems to operate within
mangrove species as well (Duke et al. 1998). The con-
servative water use by leaves enhance salt tolerance of
mangrove species. However, this is at expense of growth
rates, so that species with a broad range of salinity to-
lerance tend to grow more slowly than less tolerant
species (Ball 1996).

The mangrove species Laguncularia racemosa (L.)
Gaertn. F. (Combretaceae) occupies the medium to high
inter-tidal zone of mangrove forests. It can form pure
stands in disturbed areas (Tomlinson 1986). Consequent-
ly, it can grow under contrasting salinities from near
freshwater to above seawater salinity (Medina and
Francisco 1997, Sherman et al. 1998, Lovelock and Feller
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2003, Suéarez 2003, Sobrado 2004). Leaf tissue osmolality
of this salt-secreting species increases with increase in
external salinity and remains constant as the leaves age
(Biebl and Kinzel 1965, Medina 1999, Cram et al. 2000).
Stomatal conductance is very responsive to changes in
both air relative humidity and soil water salinity (Sobrado
2004). However, under field conditions, instantaneous
leaf water use efficiency (WUE) estimated from gas ex-
change measurements is probably not greatly affected by
soil salinity (Lovelock and Feller 2003), whereas inte-
grated WUE, from carbon isotope determinations, in-
creases in parallel to soil water salinity (Medina and
Francisco 1997). Nevertheless, salinity in the field is
highly variable, and usually does not affect all the roots
simultaneously and/or with the same intensity. Thus,
some roots are exposed to highly saline soil layers
whereas other roots of the same plant grow in soil layers
only slightly saline or not-saline at all (Waisel 1985). In
addition, a trade-off between leaf WUE and nitrogen use
efficiency (NUE) has been found in a number of species
(Field and Mooney 1986). Thus, the objective of this
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study was to assess the leaf characteristics, to combine
leaf gas exchange and carbon isotopic composition analy-
sis in order to estimate short- and long-term WUE, and to
assess potential NUE of L. racemosa under constant

Materials and methods

Plants: Seeds of L. racemosa were collected in the field
in August 2001 and seedlings were grown for three years
in pots with sand and nutrient solution in a glasshouse
under natural sunlight and photoperiod. Afterwards,
plants were treated with a solution prepared by dissolving
NaCl in 50 % Hoagland solution. Pots were placed on
trays 8 cm high in order to maintain a constant water sup-
ply without becoming waterlogged. Twelve plants per
treatment were maintained for three months prior to mea-
surements. NaCl was not added to the control (Sg) plants.
The others were maintained at salinities of 15 and 30 %o
(abbreviated as S;5 and Ss, respectively), which cor-
responded to 257 and 514 mol(NaCl) m™. The best eight
plants per treatment were used for all the measurements
except for analysis of carbon isotopic composition where
four replicates per treatment were used. Branches and
leaves for measurements were young, fully expanded, and
selected from the sunny part of the plant canopy of all the
plants. Leaves were selected from the third and fourth
pairs from the branch tip, which were comparable in de-
velopmental stage. This selection allows overcoming
leaf-ageing effects, which are critical in this species
(Cram et al. 2000).

Leaf characteristics: A total of 4-8 leaves were collec-
ted from each of eight plants per treatment. Immediately
after collection, leaf fresh mass and area were deter-
mined. Samples were oven-dried (80 °C) and dry mass
was determined. With this results the water content on
leaf dry mass (W,) and the leaf dry mass to leaf area ratio
(Sw) were determined for each sample. Dried samples
were ground and homogenised for subsequent analysis.
Nitrogen content was determined by the micro-Kjeldahl
method and lipids were quantified gravimetrically after
being extracted with diethyl ether (Williams 1984).
Concentrations of Na were obtained in hot water extracts
by means of atomic absorption spectrometry. Four leaves
of each of eight plants per treatment were collected for
determination of pigment composition, and stored

Results and discussion

Leaf characteristics: Leaf mass to leaf area ratio (Sy)
did not change significantly with salinity (Table 1). How-
ever, leaf succulence increased under salinity as shown
through significant increase of water content on dry mass
basis (W.) by about 44-47 % compared to Sy plants
(Table 1). Consistent with this, leaf Na and N contents
per dry mass unit increased significantly with salinity
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salinity. This could lead to a better understanding of this
species at the physiological level compared with results
from field studies where salinity is highly variable.

immediately after collection in a deep freezer. Chlo-
rophyll (Chly,p) and carotenoids (x+c) were extracted
with 80 % acetone for spectroscopic (model UV 1201V,
Shimadzu, Tokyo, Japan) measurements (Lichtenthaler
and Wellburn 1983).

Carbon isotope analyses (5'°C) were performed in leaf
samples from four plants per treatment. These analyses
were conducted in the Stable Isotope Research Facility
for Ecological Research of the University of Utah (Salt
Lake City, USA) by using an isotope ratio mass spec-
trometer (model delta S, Finnigan MAT, San Jose, CA,
USA). For detailed description of the procedures see
Ehleringer et al. (1992). The 8"C was used as an in-
dicator of long-term WUE.

Gas exchange was measured in six to ten leaves from
each of eight plants per treatment using a portable gas
analyser system model LCA-2 (Analytical Development
Co., Hoddesdon, Herts, UK). Measurements were taken
at three irradiances of 450, 1 300, and 1 800 pmol m?s™
leading to leaf temperatures of 28.5, 33.5, and 35.0 °C,
respectively. During the measurements, the air relative
humidity and the ambient CO, concentration (C,) were
about 40-45 % and 350 pmol mol™, respectively. The
parameters determined were net photosynthetic rate (Py),
stomatal conductance (gs), and intercellular (C;) CO, con-
centration following Caemmerer and Farquhar (1981).
With the measurements taken at maximal irradiance
(1800 pumol m? st), trends of Py/gs ratios as well as
Ci/C, were used as estimates of short-term WUE.

Statistical analyses: The significance of the differences
between the means of each parameter at the three sa-
linities was tested by using one-way ANOVA. For treat-
ment comparisons, variance homogeneity was tested and
least significant difference (LSD) determined. The details
of the statistical procedures followed Sokal and Rohlf
(1969).

(Table 1). Conversely, increase in lipid content with sali-
nity was not statistically significant (Table 1). Under high
external salinity (high Na/K), Na inevitably enters the
roots in large quantities via K channels (Amtmann and
Senders 1999, Cram et al. 2002). Leaf osmolality of
L. racemosa tended to increase in parallel with salinity,
and Na represents an important contribution to this
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increase in intracellular solute concentration (Medina and
Francisco 1987, Medina 1999, Suérez 2003, Sobrado
2004). On a leaf area basis, Na content increases due to
cell accumulation in expanding leaves and due to leaf
succulence in mature and old leaves (Cram et al. 2000).
Thus, as in other vascular halophytic plants, leaf salt

content and succulence increase in response to saline en-
vironments and this avoids excessive leaf Na concen-
tration on a bulk water basis (Jenning 1976). Changes in
leaf succulence induced by salinity may be the result of
enlargement of the hypodermis and palisade parenchyma
in cell size as well as in layer number.

Table 1. Leaf mass to leaf area ratio (S,,), water content on a dry mass basis (W,), contents of sodium (Na), nitrogen (N), lipids, chlo-
rophylls (Chl), and total carotenoids (Car). Means+SE of measurements of eight plants per salinity [%o] level (So, Sis, Sso)- Significant
differences (p<0.05) between treatments are indicated with different letters within the same row.

Parameter Sy Sis S3g
Sy [g(d.m.) m?] 121 (2)a 129 (6) a 130 (5) a
W, [g(H,0) g(d.m.)]  1.45(0.04)a  2.14(0.05)b  2.09 (0.08) b
Na [g kg*(d.m.) 1.12(0.06)a 16.61(1.22)b 24.67 (2.67)c
N [g kg(d.m.)] 12.0 (0.5) a 12.3(05)a 152 (0.7) b
Lipids [g kgi(d.m.)] 28(3)a 23(3)a 26 (2) a
Chla[mg m?] 339 (15) a 372 (7) ab 400 (23) b
Chl b[mg m?] 89 (9) a 123 (4) b 140 (6) ¢
Chl a+b [mg m?] 428 (15) a 495 (9) b 540 (25) b
Chl a/b 3.9(05)a 3.0(0.1) b 2.9(0.2) b
Car [mg m?] 925 (8.0)a 106.9 (8.9) a 117.4(20.5) a
8 B plants under salinity. This may suggest greater photoche-
ua mical capacity in control plants. Leaves in the three treat-
= b ments appeared healthy. Chl/Car ratio remained about 4.6
w; 4 & in all treatments. Values of Chl a/b and Chl/Car were ty-
3 4r \; pical of photosynthetically active sun-exposed leaf tissue
z H;ffl (Sestak 1985, Lichtenthaler 1987). However, Chl a con-
<
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Fig.1. Net photosynthetic rate (Py) and stomatal conductance
(gs) measured in plants grown without NaCl or at salinities of
15 and 30 %.. Measurements at three irradiances of 450 (A),
1300 (A), and 1800 (m) pmol m? s? leading to leaf tem-
peratures of 28.5, 33.5, and 35.0 °C, respectively. Means for
eight plants per treatment. Bars represent standard errors. Com-
parison of Py and gs among salinity treatments lead to statistical
differences (p<0.05) at high and moderate irradiances.

Chlorophyll (Chl) a and b contents per unit leaf area
were significantly higher under salinity compared to
values of control plants (Table 1). A similar tendency was
also observed in total carotenoids (Car), but the diffe-
rences were not statistically significant. Despite this, con-
trol plants had significantly higher Chl a/b compared to

tent and Chl a/b ratio may decline in some species as a
result of salinity (Singh and Dubey 1995, Ranjbarfordoei
et al. 2002). The partition of N into Chl (Chl/N) remained
between 0.27 and 0.31 in the three treatments. Under
field conditions, Chl/N is between 0.17-0.23 (Medina
and Francisco 1997, Suarez 2003). This may reflect N
limitations under natural conditions.

Photosynthetic gas exchange: Salinity affected Py at
high and moderate irradiances (Fig. 1A). However, maxi-
mum Py was found in S, plants at high irradiance and it
declined significantly by 32 and 41 % at S;5 and Sz, re-
spectively. This was related to some extent to Na accu-
mulation under salinity. In halophyte species, content of
Na in the cytoplasm is about one-third of that in the va-
cuole, and this accounts for minimised cytotoxicity
(Flowers and Yeo 1986). Cytoplasmic ion concentration
may reach toxic levels at high salinity when a large con-
tent of intracellular salt occurs in L. racemosa. This may
be ameliorated by enhanced gland secretion as salinity in-
creases (Sobrado 2004). Salinity leads to reduction of Py
of mangroves due to limited inward diffusion of CO,
(stomatal closure and low leaf internal conductance for
water and CO,), and also by salt effect on biochemical re-
actions of CO, fixation (Ball and Anderson 1986, Ball
and Sobrado 1999, Sobrado 1999, Sobrado and Ball
1999, Kao et al. 2003). Despite Py reduction and Na con-
tent increase with salinity, plants appeared healthy, and
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their leaf N and pigment contents increased (Table 1).
Consequently, potential NUE (P per N content) declined
significantly (p<0.05) with salinity by 37 and 58 % at S;5
and Ss, respectively, compared to control plants (Fig. 2).
Maximum Py has been related to leaf N content in a num-
ber of species (Field and Mooney 1986, Evans 1989). De-
cline in potential NUE was followed by concomitant
decline in Py/Chl (Fig. 2A). Overall, NUE values were
comparable to those found over a range in field grown
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Fig. 2. Pu/Chl a+b, Py/gs, and 8*3C as a function of potential
nitrogen use efficiency (NUE) in Sy (o), Sis (e), and Ssy (0)
plants. Py and g, were measured at irradiance of 1 800 umol m™
st in eight plants per salinity. The 8**C was analysed in four
plants.
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