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Abstract

The red mangrove (Rhizophora mangle L.), a dominant mangrove species in Florida, frequently occurs
in two distinct growth forms, scrub and tall trees. These two growth forms show significant differences
in physiology in the field, with lower CO, assimilation rate, stomatal conductance, and carbon isotope
discrimination or higher transpiration efficiency for the scrub form. To elucidate the possible factors
responsible for these physiological differences, we studied the physiological and growth responses of
scrub and tall red mangrove seedlings grown hydroponically in the greenhouse under 12 different growth
conditions combining three salinities (100, 250, 500 mM NaCl), two nutrient levels (10, 100% strength
of full nutrient solution), and two sulfide concentrations (0, 2-0 mM Na,S). The two growth forms
showed similar physiological and growth responses to these treatments, suggesting no genetic control
of physiological and growth differences between the growth forms of this species. High salinity, low
nutrient level, and high sulfide concentration all significantly decreased CO, assimilation, stomatal
conductance, and plant growth, but only salinity significantly decreased intercellular CO, concentration
and leaf carbon isotope discrimination, suggesting that the lower carbon isotope discrimination, or
higher transpiration efficiency, observed for scrub mangroves in the field is caused only by high salinity
during the dry season. Hypersalinity thus seems to be one of the stressful environmental conditions
common to all scrub red mangrove forests studied in southern Florida.

Introduction

One interesting aspect of mangrove swamps is the occurrence of distinct growth forms
within many mangrove species, especially those in genera Aegiceras, Avicennia, Ceriops,
Laguncularia, and Rhizophora (Lugo and Snedaker 1974; Rao 1986; Lin and Sternberg
1992a). They occur in a tall form with tree height ranging from several to over 30 m when
growing in fringe, riverine, overwash or basin habitats, as well as a scrub or dwarf form
with canopy height only about 1 m high when grown in other habitats, such as locations
with higher elevation (Lugo and Snedaker 1974; Lin and Sternberg 19925b). The occurrence
of distinct growth forms is also common in other coastal wetland plants such as salt marsh
species Spartina alterniflora Loisel. and Juncus roemerianus Scheele (Valiela et al. 1978;
Anderson and Treshow 1980; Eleuterius 1984; Gallagher e a/. 1988; Eleuterius 1989).
Controversy has surrounded the cause of the differences between growth forms; whether
the mechanism is related to environmental differences or genetic variation is still not clear
(Gallagher et al. 1988; Lin and Sternberg 1992q).

The red mangrove (Rhizophora mangle L.), one of the most abundant mangrove species
in Florida, is known to occur frequently in both scrub and tall form (Lugo and Snedaker
1974; Lin and Sternberg 1992a). Our previous studies showed that these two growth forms
differ significantly not only in morphology, but in photosynthetic gas exchange and tran-
spiration efficiency under field conditions (Lin and Sternberg 1992a, 19926). Scrub red
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mangroves usually showed significantly lower CO, assimilation rate and stomatal con-
ductance, but higher transpiration efficiency reflected by their lower carbon isotope dis-
crimination or higher leaf carbon isotope ratios (Lin and Sternberg 1992aq, 199256). It is
not clear whether these differences are attributed to genetic variation or environmental
differences. As for environmental differences between the two growth forms, hypersalinity,
nutrient limitation and waterlogging are among the factors speculated to be responsible for
the occurrence of scrub red mangroves in southern Florida (Davis 1940; Egler 1952; Lugo
and Snedaker 1974; Lin and Sternberg 1992b).

To elucidate the possible factors responsible for physiological differences between scrub
and tall red mangroves, we studied the physiological and growth responses of both scrub
and tall red mangrove seedlings grown hydroponically in the greenhouse under different
growth conditions combining various salinities, nutrient levels and sulfide concentrations.
We measured leaf gas exchange, carbon isotope discrimination and plant growth of these
seedlings under greenhouse conditions, and compared them with the results of previous
studies under field conditions (Lin and Sternberg 1992q, 19925b).

Materials and Methods

Plant Materials

Propagules of Rhizophora mangle were collected on 8 August 1990 from scrub and tall trees growing
along the northwestern coast of Sugarloaf Key, Monroe County, Florida (24°41'N,81°33'W). The mean
fresh weight of propagules was 11:6 + 0-5 g for the scrub form, and 12:7 = 0-4 g for the tall form.
The propagules were then cultivated in vermiculite beds and irrigated with tap water in the shade house
on the campus of University of Miami, Coral Gables. The irradiance level in the shade house was
controlled with cheesecloth to about one-third strength of natural solar irradiation (200-800 pmol m ™2
s~1). The propagules were kept in the shade house until the seedlings had four leaves (February 1991).

Experimental Procedures

We then collected 36 seedlings with similar dimensions from the population of each growth form,
and recorded the initial height and fresh weight of each seedling. Another 10 seedlings were collected
from the population of each growth form to determine the mean water content of seedling samples,
which was used to calculate initial dry weight of each seedling. The seedlings were then placed in
plastic pots (1200 cm®) containing 2 parts of vermiculite and 1 part of gravel, with one seedling per pot.
A randomised block design was used for the experiment; three scrub and three tall mangrove seedlings
were selected randomly and placed together in each of 12 plastic containers in the greenhouse for
treatments.

In the first 2 weeks, seedlings were allowed to grow in tap water for acclimation to greenhouse
conditions, then tap water was replaced by culture solutions with different salinities, nutrient levels and
sulfide concentrations according to a factorial design of 3 x 2 x 2. Salinity in the culture solution was
adjusted by adding refined sea salt to the solution at a rate of 50 mm NaCl per day to give the final
three salinities of 100, 250, 500 mm NaCl (Ball and Farquhar 1984). The nutrient levels in the culture
solution were controlled by adding either full nutrient solution used by Clough (1984) for mangrove
culture or 10% strength of the full nutrient solution to give high and low nutrient levels, respectively.
Sulfide concentrations were increased by adding sodium sulfide (Na,S) at a rate of 0-2 mM per day
to reach the final concentration of 2-0 mm, which is the high level of sulfide concentration in
anaerobic soils (Koch and Mendelssohn 1989). Each container was covered with a specially designed cover
to prevent evaporation, and the water levels were maintained by the addition of tap water every day.
Culture solution was then changed every 2 weeks. Seedlings receiving these salinity treatments were
grown in the greenhouse where the temperature was maintained close to that outside the greenhouse,
with mean maximum temperature of the hottest month of 37°C and mean minimum temperature of the
coldest month close to 10°C during the experiment. The irradiance level inside the greenhouse was about
half-strength of natural solar radiation (600-1200 xmol m~2 s~ 1) and relative humidity was 55-75%
during the time of investigation. The experiment was concluded after seedlings received the treatments
for 6 months (from February to August 1991).
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Gas Exchange Measurements

Photosynthetic gas exchange was measured on intact, attached leaves with a LI-6250 portable
photosynthesis system equipped with an 1 L leaf chamber (LI-COR, Lincoln, Nebraska). Measurements
were made hourly from 1000-1500 hours to ensure constant high radiation (1000-1200 gmol m-2s})
on three sunny days during the last 2 weeks of the experiment (August 1991). During gas exchange
measurements, leaf temperature was maintained close to the air temperature in the greenhouse, which
ranged from 28 to 37°C from 1000-1500 hours in August 1991. Raw data accumulated with the LI-6250
were used to calculate mean CO, assimilation rates (A4), stomatal conductance to water vapour (g),
intercellular CO; concentration (C;), and intrinsic transpiration efficiency (4/g).

Carbon Isotopic Analysis
Carbon isotope ratio was measured on all leaves of each seedling as described previously (Lin and
Sternberg 1992b). §'3C values were then used to calculate leaf carbon isotope discrimination (A) by using
the following equation:
A=(0,-8)/(1+6),

where 8, and §, are the carbon isotope ratios of atmospheric CO, and plant materials, respectively
(Farquhar et al. 1989). A mean of —8:0%o0 for §, was used in this study (Ehleringer 1990).

Growth Measurements

At the conclusion of the experiment, height of each seedling was measured, and height growth was
calculated as the difference between the final and initial height (Pezeshki et al. 1990). The total leaf
area of each seedling was determined with a portable leaf area meter (LI-3000, LI-COR, Lincoln,
Nebraska). The dry weight of each seedling was then determined by drying all plant materials in an
oven, and growth rates were calculated as increment in dry weight per unit time per plant (mg per day
per plant).

Statistical Analysis

Effects of growth form, salinity, nutrient, sulfide and their interactions on photosynthetic gas
exchange, leaf carbon isotope discrimination and plant growth were tested by MGLH program in
SYSTAT (Wilkinson 1989). The relationship between CO; assimilation and stomatal conductance, and
between leaf carbon isotope discrimination and intercellular CO, concentration or intrinsic transpiration
efficiency (4/g) was compared between scrub and tall mangroves by ANCOVA.

Results

Growth form had no significant effects on CO, assimilation rate (4), stomatal con-
ductance (g), and intercellular CO, concentration (C;) (Table 1), and scrub and tall red

Table 1. Significant levels of effects of growth form, salinity, nutrient and sulfide on leaf gas
exchange, carbon isotope discrimination and plant growth of R. mangle seedlings
Measured parameters are CO; assimilation rate (4), stomatal conductance (g), intercellular CO; con-
centration (C;), leaf carbon isotope discrimination (A), leaf area (LA), growth rate (GR), and height
growth (HG). NS, not significant (P>0-05); *, significant at P<0-05; ** significant at P<0-01;
*ik* significant at P<0-001

Factor d.f. A g C; A LA GR HG
Growth form 1,47 NS NS NS NS NS NS NS
Saunity 2,47 *kk Aok * ok % ok % * Wk Nk
Nutrient 1’47 %4 ek ook e NS NS ok % 53k ke X%k
Sulfide 1,47 ok ok NS NS NS NS NS
Salinity X nutrient 2,47 ** ok NS NS NS NS *r*
Salinity x sulfide 2,47 ko ok * NS NS NS NS
Nutrient X sulfide 1,47 NS NS NS NS NS NS NS

Salinity x nutrient x sulfide 2,47 NS NS NS NS NS NS NS
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Fig. 1. CO, assimilation rate (A4), stomatal conductance (g), and intercellular
CO, concentration (C;) of seedlings from scrub (circles) and tall (triangles)
red mangroves grown under three different salinities, two nutrient levels
(open symbols for 10% and closed symbols for 100% strength of full nutrient
solution), and two sulfide concentrations (left side for no sulfide and right
side for high sulfide concentration).
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Fig. 2. Relationship between CO; assimilation rate (4) and stomatal
conductance (g) for scrub (circles) and tall (triangles) red mangrove
seedlings grown in the greenhouse. For scrub mangroves: A = 3:0053
+0-0222 g (r> = 0-839, P < 0-001), while for tall mangroves: 4 =
2-8769 + 0:0226 g (r? = 0-866, P < 0-001). There was no significant
difference in correlation between scrub and tall mangroves (P > 005,
ANCOVA).
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mangrove seedlings showed similar responses in leaf gas exchange to salinity, nutrient and
sulfide treatments under the same greenhouse conditions (Fig. 1). A and g were significantly
affected by salinity, nutrient and sulfide treatments, while C; was affected only by salinity
(Table 1). A4, g and C; all decreased with increasing salinity from 100 mMm to 500 mM,
except that 250 mM salinity had no significant effects on A, g and C; when seedlings were
grown under high nutrient and no sulfide conditions (Fig. 1). Lower nutrient level (10% of
strength of full nutrient solution) decreased both A and g, especially when seedlings were
grown under medium and high salinities (250 and 500 mM) and high sulfide concentration
(2:0 mM) (Fig. la, b, d, e). High sulfide concentration had significant effects on 4 and g
only when seedlings were grown under low nutrient level (Fig. 1a, b, ¢, d). Thus, there were
synergistic effects between salinity and nutrient treatment, and between salinity and sulfide
treatment on A and g, but no synergistic effects between nutrient and sulfide treatment
(Table 1). In addition, there was a highly significant correlation between A and g in both
scrub and tall red mangrove seedlings, with no significant difference in correlation between
scrub and tall mangroves (Fig. 2).

No significant differences in leaf carbon isotope discrimination between scrub and tall
mangroves were observed under all growth conditions (Table 1), and both forms of red
mangroves had similar responses in A to salinity, nutrient and sulfide treatments (Fig. 3).
Salinity treatment significantly decreased A, while nutrient and sulfide treatment had no
such effects, except that low nutrient level decreased leaf A when seedlings were grown under
salinity of 250 and 500 mM (Table 1, Fig. 3). There were significant correlations between
leaf A and C; and between leaf A and intrinsic transpiration efficiency (4/g), and no
significant difference in correlation was observed between scrub and tall red mangroves
(Fig. 4). Note that A values reported here were obtained by pooling all leaves on the plants,
and thus they integrated C; over the whole 6 month period, whereas our gas exchange
measurements were only for the last 2 weeks of the experiment. In addition, C; and leaf
A values reported here were relatively high in comparison with the published values for
mangroves (Farquhar ef al. 1982; Ball and Farquhar 1984; Lin and Sternberg 1992b),
probably due to the low light level used in the present study.
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Fig. 3. Leaf carbon isotope discrimination of seedlings from scrub (circles) and
tall (triangles) red mangroves grown under three different salinities, two nutrient
levels (open symbols for 10% and closed symbols for 100% strength of full nutrient
solution), and two sulfide concentrations (left side for no sulfide and right side for
high sulfide concentration).
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Fig. 4. Relationship between leaf carbon isotope discrimination and intercellular CO,
concentration (C) (@), and between leaf carbon isotope discrimination and intrinsic water
use efficiency (A/g) (b) for scrub (circles) and tall (triangles) red mangrove seedlings
grown in the greenhouse. For scrub mangroves: A = 9:8658 + 0-0449 C; (2 = 0-462,
P <0-01) and A = 23-605 + 69:284 A/g (r? = 0-499, P < 0-01), while for tall mangroves:
A=9-9175 + 0-0444 C; (r2 = 0-666, P < 0-001) and A = 23-661 — 71-914 A/g (r* = 0-723,
P < 0-001). There was no significant difference in correlation between scrub and tall
mangroves (P> 0-05, ANCOVA).
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Fig. 5. Total leaf area, growth rate, and height growth of seedlings from scrub
(circles) and tall (triangles) red mangroves grown under three different salinities,
two nutrient levels (open symbols for 10% and closed symbols for 100% strength
of full nutrient solution), and two sulfide concentrations (left side for no sulfide
and right side for high sulfide concentration).
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Growth form also did not affect leaf area, growth rate and height growth of red man-
grove seedlings under all growth conditions (Table 1), except that tall mangroves showed
lower leaf area and growth rate than scrub mangroves when grown under high nutrient level
and salinities of 250 and 500 mm (Fig. 5). High salinity always decreased leaf area, growth
rate and height growth, while low nutrient level reduced plant growth only when seedlings
were grown under higher salinities (Table 1, Fig. 5). High sulfide concentration, however,
did not significantly affect leaf area, growth rate and height growth of red mangroves
(Table 1, Fig. 5).

Discussion

Under the greenhouse conditions, seedlings from two growth forms of red mangroves
(scrub and tall) have similar leaf gas exchange characteristics such as CO, assimilation rate,
stomatal conductance and intercellular CO, concentration (Fig. 1), as well as the relation
between CO, assimilation rate and stomatal conductance (Fig. 2), an indicator of con-
servative water use in mangroves (Ball 1988). Consistently, they have similar leaf carbon
isotope discrimination (Fig. 3), indicating the similar long-term transpiration efficiency
(Farquhar ef a/. 1989). Scrub and tall red mangroves also have similar growth rate and
height growth under the same growth conditions (Fig. 5). Therefore, it is unlikely that
genetic differences can be responsible for the physiological differences between the two
growth forms observed previously for this species under field conditions (Lin and Sternberg
19924, 1992b). Thus, differences in environmental conditions between scrub and tall
mangrove forests are the major factors responsible for these physiological differences.
Most studies on growth forms of salt marsh species also showed that the differences between
the two distinct growth forms resulted from environmental differences along tidal zones
(Mooring et al. 1971; Valiela and Teal 1974; Shea er al. 1975; Mendelssohn 1979; Howes
et al. 1981), although a few researchers suggested that they are genetically distinct ecotypes
(Mooring et al. 1971; Gallagher et al. 1988; Eleuterius 1989).

In salt marsh species, salinity, nitrogen level, sulfide concentration and drainage are
among the environmental variables suggested as causal factors of the growth form differences
(cf. Gallagher et al. 1988). Similarly, hypersalinity, nutrient limitation and peat compact-
ment are considered to be responsible for the occurrence of scrub mangroves in southern
Florida (Davis 1940; Egler 1952; Craighead 1971; Lugo and Snedaker 1974; Lin and
Sternberg 1992a, 1992b). Effects of peat compactment on physiology and growth of red
mangroves was not studied here due to the difficulties of simulating the extent of compact-
ment under our greenhouse conditions. Although low nutrient level or nutrient limitation
significantly decreased leaf gas exchange and plant growth (Figs 1, 5), it did not affect leaf
carbon isotope discrimination, and thus transpiration efficiency (Fig. 3). Our field studies,
however, demonstrated that scrub mangroves showed not only lower gas exchange, but also
lower leaf carbon isotope discrimination or higher long-term transpiration efficiency (Lin
and Sternberg 1992a, 1992b). In addition, foliage nutrient contents of scrub red mangroves
were not significantly different from those of tall mangroves at the same study site (Lin
and Sternberg, unpublished data). Therefore, nutrient limitation cannot account for all
physiological differences between the two growth forms of red mangroves under field
conditions.

Similarly, high sulfide concentration, a result of waterlogging conditions in mangrove
soils (McKee and Mendelssohn 1987), also cannot explain the physiological differences
between the two growth forms of red mangroves in the field. High sulfide concentration
(20 mM) did not decrease plant growth, and leaf carbon isotope discrimination or increase
transpiration efficiency of red mangroves (Table 1, Figs 3, 5), although it reduced leaf gas
exchange (Fig. 1). Furthermore, scrub mangroves in southern Florida occur frequently in
areas with higher elevation than most tall mangroves (Lin and Sternberg 1992b), thus
sulfide concentrations in the soils under scrub mangroves could be much lower (McKee and
Mendelssohn 1987).
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In contrast, high salinity not only reduced leaf gas exchange (Fig. 1) and thus plant
growth (Fig. 5), but also significantly decreased leaf carbon isotope discrimination, or
increased transpiration efficiency (Fig. 3). Leaf carbon isotope discrimination of red man-
groves grown in 500 mM NaCl (similar salt concentration to sea water) was about 3%o lower
than those grown in 100 mM NaCl, and comparable with that of tall red mangroves grown
in sea water (Lin and Sternberg 1992b). If the trends observed here can be extrapolated to
higher salinity, lower leaf carbon isotope discrimination in scrub red mangroves relative to
tall mangroves observed previously under field conditions must be caused by salinity higher
than sea water during the dry seasons when salt water of soils in scrub mangrove forests
are undergoing evaporation. Previous studies demonstrated that high salinity can reduce
stomatal opening, causing a decrease in intercellular CO, concentration, and thus results in
low carbon isotope discrimination but higher transpiration efficiency (Farquhar ef al. 1982;
Brugnoli and Lauteri 1991), although some halophytes may not have such response in C;
with changing salinity (Farquhar et al. 1982; Guy et al. 1988). We observed similar results
in the present study (Figs 1, 3) as well as in the previous studies (Lin and Sternberg 19924,
19925). We also observed a significant correlation between leaf carbon isotope discrimination
and intercellular CO, concentration, as well as intrinsic transpiration efficiency (A4/g)
(Fig. 4), confirming that changes in leaf carbon isotope discrimination result from variation
in C;, and thus can be used as an indicator of long-term transpiration efficiency (Farquhar
et al. 1989). Therefore, hypersalinity in soil water during the dry seasons may have signi-
ficant effects on mangrove physiological processes and plant growth, and therefore seems
to be one of the stressful environmental conditions common to all scrub mangrove forests
studied in southern Florida (Lin and Sternberg 1992a, 1992b).
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