Oecologia (1997) 112:435-446

© Springer-Verlag 1997

Aaron M. Ellison - Elizabeth J. Farnsworth

Simulated sea level change alters anatomy, physiology, growth,
and reproduction of red mangrove (Rhizophora mangle L.)

Received: 27 March 1997 / Accepted: 7 July 1997

Abstract Tropical coastal forests — mangroves — will be
one of the first ecosystems to be affected by altered sea
levels accompanying global climate change. Responses
of mangrove forests to changing sea levels depend on
reactions of individual plants, yet such responses have
not been addressed experimentally. We report data from
a long-term greenhouse study that assessed physiological
and individual growth responses of the dominant neo-
tropical mangrove, Rhizophora mangle, to levels of
inundation expected to occur in the Caribbean within 50—
100 years. In this study, we grew potted plants in tanks
with simulated semidiurnal (twice daily) high tides that
approximated current conditions (MW plants), a 16-cm
increase in sea level (LW plants), and a 16-cm decrease
in sea level (HW plants). The experiment lasted 22
years, beginning with mangrove seedlings and termi-
nating after plants began to reproduce. Environmental
(air temperature, relative humidity, photosynthetically
active radiation) and edaphic conditions (pH, redox, soil
sulfide) approximated field conditions in Belize, the
source locale for the seedlings. HW plants were shorter
and narrower, and produced fewer branches and leaves,
responses correlated with the development of acid-
sulfide soils in their pots. LW plants initially grew more
rapidly than MW plants. However, the growth of LW
plants slowed dramatically once they reached the sapling
stage, and by the end of the experiment, MW plants
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were 10-20% larger in all measured growth parameters.
Plants did not exhibit differences in allometric growth as
a function of inundation. Anatomical characteristics of
leaves did not differ among treatments. Both foliar C:N
and root porosity decreased from LW through MW to
HW. Relative to LW and HW plants, MW plants had
1-7% fewer stomata/mm>, 6-21% greater maximum
photosynthetic rates, 3-23% greater absolute relative
growth rates (RGRs), and a 30% higher RGR for a
given increase in net assimilation rate. Reduced growth
of R. mangle under realistic conditions approximating
future inundation depths likely will temper projected
increased growth of this species under concomitant
increases in the atmospheric concentration of COs.

Key words Growth - Mangroves - Photosynthesis -
Rhizophora mangle - Sea level rise

Introduction

The response of tropical coastal forests — mangroves — to
rapid climate change accompanied by altered sea level
and rising carbon dioxide, is of worldwide concern from
both scientific and policy perspectives (Pernetta 1993;
UNEP 1993; Davis et al. 1994; Ellison 1994; Semeniuk
1994: Field 1995; Ong 1995; Snedaker 1995). Mangroves
supply essential ecosystem services (sensu Silver et al.
1996; Twilley et al. 1996) to tropical economies by
contributing substantially to timber and charcoal sup-
plies, productivity of near-shore fisheries, and physical
protection of coastlines (reviewed in Food and Agri-
culture Organisation 1994). However, it is largely
unknown how mangrove structure and function will
change in response to eustatic increases in sea level, tidal
amplitude, and tidal bore velocity that are predicted
widely (e.g., Granger 1991; Wigley and Raper 1992;
Jelgersma et al. 1993; Wolanski and Chappell 1996).
Literature reviews (Pernetta 1993; UNEP 1993; Ellison
and Farnsworth 1996a), comparative studies of man-
groves growing in different geomorphological and tidal
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settings (Semeniuk 1994; Ellison and Farnsworth 1996b;
Wolanski and Chappell 1996), and fossil reconstruction
of mangrove dynamics during Holocene transgressions
(Ellison and Stoddart 1991; J.C. Ellison 1993, 1994)
have yielded a range of hypotheses regarding mangrove
responses to sea level changes. Prognoses range from
total mangrove ecosystem collapse (e.g., Ellison and
Stoddart 1991), modest landward migration limited by
coastal development (Parkinson 1989) or topography
(Bacon 1994), or poleward migration along the coasts
(Snedaker 1995), to relatively little change in either local
distribution or abundance (Snedaker et al. 1994). All of
these responses depend to a large extent on the reactions
of individual plants to rapid environmental change.

Here, we report evidence from a long-term, experi-
mental study that assessed ecophysiological and indi-
vidual growth responses of the neotropical mangrove
dominant, Rhizophora mangle, to predicted levels of
inundation. We grew potted plants in tanks where
semidiurnal (twice daily) high tides approximated three
water depths relative to the soil-air interface: ‘normal’
depths mimicking intertidal (mean water) conditions
currently existing at the source locale of the seedlings
(Belize, Central America; Kjerfve et al. 1982); ‘high
tidal’ conditions with water 16 cm deeper — the average
depth increase expected on Caribbean coasts in 50-100
years (Granger 1991), and depths that were shallower by
16 cm relative to the normal high water level, simulating
sites in the Caribbean, such as areas of the Dominican
Republic, where relative sea level is expected to decrease
due to tectonic uplift (Granger 1991). The mean water
treatment is analogous to the relative tidal elevation of
plants growing at their ‘optimal’ field location in the
intertidal in Belize (Ellison and Farnsworth 1993). In
addition to clarifying how mangroves will respond to
changes in relative sea level, this study can also help to
elucidate the ways in which individual mangrove species
perform optimally in certain tidal zones, a question of
long-standing importance in community studies of
mangrove forests (Chapman 1976).

To date, responses by mangroves to inundation have
been rarely examined experimentally under controlled
conditions that explicitly enable comparisons among
field and glasshouse studies (Curran et al. 1986; McKee
1993), and no studies to our knowledge have been de-
signed specifically with future tidal scenarios in mind.
McKee (1993) demonstrated that edaphic properties, of
known importance to mangrove performance in the
field, can be simulated closely in greenhouse experiments
in order to improve extrapolations of results from con-
trolled environments to field populations. Because the
design used here is modeled on that used to study the
effects of elevated CO, on plant performance — plants
are grown under ‘current’ conditions and under condi-
tions expected to occur in the mid- to late-21st century —
the experiment reported here also complements a recent
greenhouse study investigating effects of elevated CO,
on mangrove growth and production (Farnsworth et al.
1996). In that study, we documented significant increases

in photosynthetic rates, leaf, stem, and root production.
and a decrease in the time to first reproduction of
R. mangle seedlings and saplings grown in 700 ppm CO»
relative to plants growing in 350 ppm CO,.

We postulated that physiological and growth re-
sponses by R. mangle to changing water depths would
temper growth enhancements associated with elevated
CO, observed in this species (Farnsworth et al. 1996)
and other mangrove species (Ball and Munns 1992).
This hypothesis derived from previous descriptive field
studies of R. mangle in Belize, in which we showed that
individual trees exhibited increased root:shoot ratios
and decreased growth rates in deeper water where the
sedimentation rate was lowered (Ellison and Farnsworth
1996b). In addition, transplant experiments in the field
demonstrated reduced growth of R. mangle seedlings in
both high- and low-tidal zones relative to those growing
in the mid-intertidal (Ellison and Farnsworth 1993).

Other studies have also reported generally negative
effects of prolonged waterlogging on the growth and
metabolism of seedlings of several mangrove species
(Naidoo 1985; Hovenden et al. 1995; McKee 1996).
However, comparative field studies caution against
extrapolating from responses observed at a single
ontogenetic phase. For example, responsiveness of
mangrove anatomy, morphology, growth, and photo-
synthetic rates to changing light conditions at various
tidal heights varies with plant developmental stage
(Farnsworth and Ellison 1996). Moreover, because
viviparous seedlings of R. mangle are quite large when
dispersed, more than a year can ensue before maternal
effects on early seedling growth are offset by local en-
vironmental conditions (Lin and Sternberg 1995; Farns-
worth et al. 1996). We also expected that mangroves,
which already possess a suite of adaptations facilitating
growth in chronically flooded habitats (Scholander et al.
1962; Kozlowski 1984; Tomlinson 1986; Armstrong et al.
1994; Ball 1996), would respond to different tidal levels
with ‘quantitative’ and gradual physiological and
structural adjustments (Ball 1988; Pezeshki et al. 1990;
Ball and Pidsley 1995; Youssef and Saenger 1996).
Therefore, we report a study on mangroves that explores
consequences of environmental change under realistic
conditions and that extends from seedling growth stages
through first reproduction.

Materials and methods

One hundred mature propagules (viviparous seedlings) of R. mangle
were collected from Wee Wee Caye, Belize, Central America
(16°45" N, 88°08” W) in August 1993 (see Farnsworth et al. 1996
and Ellison and Farnsworth 1996b for complete site and species
descriptions). These seedlings were planted individually in 77
(18 cm diameter) plastic ‘azalea’ pots filled with compost. We used
compost because it is very similar in texture and chemistry (see
Results) to the peat in which this species grows on Belizean man-
grove cayes (Maclntyre et al. 1987). Initially, these plants were kept
on benches flooded to a depth of 5 cm with full-strength (35%,)
artificial seawater (Instant Ocean, Aquarium Systems, Mentot,
Ohio) in a heated greenhouse at Mount Holyoke College. Height



(£ 1 mm) and diameter (+0.1 mm) just above the cotyledonary
scar of all propagules were measured immediately upon planting.
Propagules were left on these benches for 11 months, by which time
they had all rooted and produced a single pair of leaves.

Tank design and experimental treatments

Four identical 3 m long x 1.3 m wide X 40 cm deep x 2 c¢m thick
opaque polyethylene tanks were custom-built for this experiment
by Fln-Mar Plastics, Holyoke, Mass. Each tank held about 1.3 m®
(ca. 1,200 1) full-strength (359%,) artificial scawater. Tanks were
framed with lumber to prevent their expansion and distortion
during and after filling. The tanks were plumbed in a recirculating
series so that at any given time, two tanks were at ‘high tide’ and
the other two were at ‘low tide’. Every 6 h (0300, 0900, 1500, and
2100 hours), water flowed through automated pumps (Gorman-
Rupp Industries no.14518-202, Bellville, Ohio) from a high-tide
tank into a low-tide tank; full tidal exchange took about 1 h.
Although smaller, our tank system is basically identical to that
developed by Curran et al. (1985). We rotated plants between
tanks every 2 weeks to minimize ‘block’ effects and to simulate
tidal precession in the Caribbean of about 30-45 min per day.
Concurrent with rotating the plants, we also replaced all the sea-
water in the system and removed algal buildup from the bottom of
the tanks. Plants were fertilized every 2 weeks with Peters 20-20-20
N-P-K (Scotts, Allentown, Pa.). Supplemental mercury vapor
lights (Energy Technics Horticultural Lighting, York, Pa.) were
placed over all tanks from 21 September and 21 March each
year to maintain a 12-h photoperiod characteristic of tropical
latitudes.

On 1 July 1994, all seedlings were transplanted into 8” (20 cm
diameter) plastic azalea pots, remeasured, and placed into the
tanks. The tanks were not filled until 3 weeks later, during which
time we harvested a set of pretreatment seedlings (see measure-
ments below). Seedlings were randomly assigned to one of three
treatments: low water (LW), mean water (MW), and high water
(HW) relative to depth at high tide (eight seedlings per treatment
per tank). At high tide, LW plants were flooded to 16 cm above the
rim of the pot (16 cm was also the median height from soil to
cotyledonary scar of the seedlings), MW plants were flooded to the
rim of the pot, and only the bottom 2 cm of the pots of the HW
plants were under water. All plants were top-watered daily with
fresh water to prevent desiccation. Pots were nested within cylin-
drical, perforated, plastic sleeves (cut from 20-cm-inner-diameter
PVC sewer pipe) that raised the plants to the appropriate depth and
permitted water exchange with the pots.

Environmental measurements

Air temperature (°C) and relative humidity (%) above each tank,
available photosynthetically active radiation (PAR pmol m™2s™")
above three tanks, and water temperature (°C) in two tanks were
continuously monitored with Campbell temperature and humidity
probes (Campbell Scientific, Logan, Utah) and Li-Cor quantum
sensors (Li-Cor, Lincoln, Neb.) connected to a Delta-T datalogger
(Delta-T Devices, Cambridge, UK). Because of early difficulties
with configuring the datalogger, we only began collecting these
data in March 1995. Just prior to the final harvest, we measured
soil pH of 5-g soil samples extracted in distilled water (1:1 w/v)
with an Orion pH electrode (Orion Instruments, Boston, Mass.),
soil redox potential at 2 cm and 10 cm depths in each pot at both
low tide (all three treatments) and high tide (HW and MW treat-
ments only) using an Orion combination redox electrode, and soil
sulfide with an Orion silver/sulfide electrode and double-junction
reference electrode. Because the soils were not totally saturated
[gravimetric soil moisture = 48%; no differences among treat-
ments (P = 0.59)], we were unable to extract pore water for sulfide
analysis using the methods of McKee et al. (1988). Instead, we took
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20-g samples of soil from each pot and transferred them immedi-
ately into 20 ml of a 1:1 solution of distilled water and antioxidant
buffer (20 g sodium hydroxide, 80 g sodium salicylate, and 18 g
ascorbic acid per liter; prepackaged by Orion Instruments). These
samples were extracted for 24 h (following methods of Kryger and
Lee 1995, 1996), and then filtered to yield soil-free liquid for sulfide
measurements.

Measures of growth and physiology

All plants were measured on the following seven dates: 19 July and
15 September 1994, 15 May and 1 October 1995, 23 February, 13
June, and 19 October 1996. The first measurement occurred after
1 year of growth and 1 day prior to the beginning of the tidal
treatments. At each date, we measured stem diameter, plant height
to the top of the primary axis, and lengths of all lateral branches,
and we counted the total number of leaves on each plant. Once
plants began to flower, we kept data on number of plants in flower
and number of inflorescences per plant. As the plants reached re-
productive maturity, we quantified apparent differences in canopy
shape among plants in the three treatments by measuring the height
of the canopy (from the lowest branch to the main shoot apex), and
the spread of the lowest two sets of branches. No plants died during
the experiment. To prevent pot-binding, we transplanted all un-
harvested plants into 10” (25 cm diameter) azalea pots after the
May 1995 harvest.

On 19 July 1994, 12 plants (4 per treatment) were chosen at
random for continual physiological monitoring. On each of the
seven measurement dates, leaf-level photosynthesis and conduc-
tance were measured (using a Li-Cor LI-6200 portable photosyn-
thesis system) under light-saturating conditions (>900 pmol m™
s™!, using supplemental lighting when necessary) on a single, young
but fully expanded leaf on each of these 12 plants. On each date, 12
additional, randomly chosen plants were measured similarly, then
harvested and separated into leaves, stems, aerial roots, under-
ground roots, and buds or flowers. From these harvested plants,
we took small (<1 cm wide) slices of terminal, fully expanded
leaves and fixed them in formalin-acetic acid-alcohol. Freehand
thin sections of these fixed leaf samples were photographed (x50)
and digitized (SigmaScan 4.0, Jandel Scientific, San Rafael, Calif.)
to determine total leaf thickness, and percent thickness of cuticle,
epidermis, hypodermis, palisade, and mesophyll (leaf anatomy
follows Tomlinson 1986). A 40-mm” leaf disk (average fresh mass
0.015 g) was removed with a steel hole-punch and extracted in
80% acetone for determination of total chlorophyll using a Spec-
tronic 20 (Bausch and Lomb, Rochester, N.Y., methods of Arnon
1949 with correction factors of Porra et al. 1989). Total leaf area
was measured using a Li-Cor 3000 bench-top leaf area meter. All
separated tissue was weighed fresh, dried at 70°C to constant mass,
and weighed dry (£0.01 g). One-gram samples of dried leaf tissue
were ground under liquid nitrogen and analyzed for percent C, H,
and N using a Control Equipment 240 elemental analyzer (Exeter
Analytical, Lowell, Mass; analytical methods of Ma and Rittner
1979). Foliar Na content (% dry mass) of the same leaf samples
was determined, following digestion of dried leaf material in strong
acid with heating, with atomic absorption spectrophotometry
(Perkin-Elmer 403, Norwalk, Conn, methods in Perkin-Elmer
1982). Fifty-gram samples of soil from each treatment group were
dried to constant mass, powdered, digested in strong acid, and
analyzed for C, H, N, Na, P, K, and Mg as above.

The 12 plants for which we had taken physiological measure-
ments at each harvest date were themselves harvested in October
1996. For this set of plants, we also measured stomatal density
using acetate peels, and aerenchyma volume of belowground lateral
roots [as root porosity (%)] with a 25-ml pycnometer (following
methods in Youssef and Saenger 1996 as modified from Jensen et al.
1969). Thus, overall we have one set of 12 plants for which we have
a time series of growth and physiological data for over 2 years,
while for each harvest, we also have an additional set of indepen-
dent measurements of growth, physiology, and harvest data.
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Statistical analyses

Data were analyzed using Systat version 5.03 (Systat, Evanston,
IL.) and S-Plus version 3.3 (MathSoft, Seattle, WA). We used
distribution-free (nonparametric) statistics for harvest data because
of small sample sizes (four per treatment per harvest) and repeated-
measures MANOVA (von Ende 1993) and general linear models
for growth analysis. For the latter, data were transformed when
necessary to eliminate heteroscedasticity. We examined normal
probability plots and residual plots to ensure that the data met the
assumptions of MANOVA and regression. As in our paper on
effects of elevated CO, on R. mangle (Farnsworth et al. 1996), we
used In(total plant mass) as a covariate when testing for treatment
effects on the composite variables, area per leaf, leaf area ratio
(LAR), leaf weight ratio (LWR), and specific leaf area (SLA). This
ANCOVA aliowed us to determine whether apparent differences in
growth were due to direct treatment effects (i.e., allometric differ-
ences among treatments) or to treatment-mediated differences in
overall plant size (see also Evans 1972; Hunt 1990; Coleman et al.
1994).

Results
Environmental and soil conditions

During all except the winter months, maximal light
levels (Fig. 1) over tanks were well above the saturation
levels described for R. mangle by Farnsworth and
Ellison (1996) and artificial lighting maintained tropical-
length photoperiods throughout the winter. Daily irra-
diance in Belize shows similar variability (Ellison and
Farnsworth 1996b) due to ‘northers’ (frontal systems of
cool air common from November through March), and
artificial lighting was similarly needed for field mea-
surements of maximal photosynthetic rates (Farnsworth
and Ellison 1996). Average air temperature and relative
humidity (Fig. 1) in the greenhouse were nearly equal to
those measured in Belize (Ellison and Farnsworth
1996b), although the range of air temperatures in the
greenhouse was 10-20°C greater than those observed in
the field. Water temperatures in the tanks (Fig. 1) were
significantly cooler than those found in the field. Despite
these differences in ambient conditions, plant growth
and photosynthetic rates described below did not differ
from those observed for seedlings and saplings in Belize
(Farnsworth and Ellison 1996; Ellison and Farnsworth
1996b).

Soil characteristics were also analogous to those en-
countered in field studies. Soils were strongly anoxic, as
indicated by redox potential measurements at both 2-cm
and 10-cm depths (Fig. 2). There were no differences in
redox potential among treatments at either 2 cm (taken
at low tide: P = 0.23; high tide: P = 0.34, Wilcoxon
signed-rank test) or 10 cm (low tide: P = 0.38; high
tide: P = 0.20). However, at low tide, the soil redox

»
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Fig. 1 Monthly environmental conditions around the tanks. Large
symbols and solid lines are averages, while small symbols and dotted
lines are monthly maxima and minima. Minimum monthly photo-
synthetically active radiation (PAR) values = 0, and are not drawn
on the figures (@ tank 1; O tank 2; A tank 3; A tank 4)
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Fig. 2 Soil redox potentials
measured at 2-cm and 10-cm
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soil depths, at low tide and high
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illustrate median redox poten-
tial (central horizontal line),
upper and lower quartiles (edg-
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potential at 2 cm was significantly higher than that at
10 cm. This pattern was reversed at high tide (Fig. 2). In
other words, at low tide, pots were relatively less anoxic
near their surface, while at high tide, pots were relatively
less anoxic near their base (Fig. 2). Soil pH varied sig-
nificantly among treatments (P = 0.009, Kruskal-
Wallis rank-sum test), and in all cases was more acidic
than the surrounding seawater (pH = 8.5). The median
soil pH at LW, 7.6, was significantly greater than the
median soil pH of 7.3 at MW (P < 0.05), which in
turn was nearly three orders of magnitude greater than
the median soil pH of 4.5 at HW. Soil sulfide levels
increased (P = 0.08, Kruskal-Wallis rank-sum test)
with increasing soil acidity [HW: mean = 1.29 £ 0.190
(SD), median = 1.35 mm; MW: 1.07 £ 0.293; 1.08 mm;
LW: 0.89 £ 0.149; 0.90 mwm].

There were no temporal trends within treatments in
the values (% of dry mass) of all soil nutrients or C:N
ratio, nor any among-treatment differences (pooled over
time) in the content of any soil nutrient (P > 0.30, all
cases, Kruskal-Wallis rank-sum test; Table 1). Soil C:N
ratios of both HW and LW pots tended to be lower
than in MW pots (P = 0.078, Kruskal-Wallis rank-sum
test).

Patterns of growth and biomass allocation

Prior to flooding, there were no significant differences in
stem height among the plants assigned to the three
treatments (overall mean = 17.6 = 3.89 cm, n = 96,
P = 0.134, ANOVA). HW plants were significantly
thinner (5.2 £ 0.65 mm) than either MW (5.6 =
0.44 mm) or LW plants (5.6 = 0.58 mm) (£ = 0.013,
overall ANOVA), although stem diameters of the latter
two groups did not differ. Therefore, we included initial
stem diameter as a covariate in subsequent tests for
differences in growth among the three treatment groups.

MW and LW plants increased total stem length and
diameter, and produced new branches and leaves much

10cm 2cm 10cm

MEASUREMENT DEPTH

Table 1 Soil chemical characteristics (mean £ SD), pooled over
all samples and treatments (n = 84)

Element Percent of dry mass
C 12.73 + 4.832
H 1.53 + 0.527
N 0.82 + 0.283
Na 1.23 + 0.729
Mg 0.58 £ 0.192
P 0.21 + 0.058
K 0.38 + 0.124
C:N 15.44 + 1.063

more rapidly than HW plants (Fig. 3). Although LW
plants grew fastest during the first year of the experi-
ment, their growth rate slowed thereafter while the
growth rate of MW plants increased. By the end of 2%
years in the tanks, MW plants were growing faster and
had about 20% more branches and about 10% more
stem length and leaves than LW plants (Fig. 3). Stems
remained thickest in LW plants, however. Despite the
initial larger stem diameter of LW and MW plants rel-
ative to HW, there were no significant effects of initial
stem diameter in repeated-measures models relating
plant growth to treatment (P > 0.25, all cases). Addi-
tional univariate repeated-measures tests indicated that
stem length and leaf number increased as a power
function through timc, while stem diameter and branch
production increased linearly through time (Fig. 3).
Despite clear differences in overall plant size (Fig. 3),
we observed few significant differences among harvested
plants in the allocation of biomass to different plant
parts (Fig. 4). Over time, plants in all treatments showed
an increase in relative biomass allocation to under-
ground roots relative to stems and leaves. Principal-
components analysis (using Systat version 5.03) of the
correlation matrix of relative biomass allocation to
leaves, stems, hypocotyl, underground roots, aerial
roots, and inflorescences at the final harvest (Table 2)
enabled us to distinguish HW plants from the other two
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Fig. 3 Increase in total stem
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Table 2 Results of principal-components analysis on the correla-
tion matrix of relative biomass allocation at the final harvest
(September 1996). The table illustrates the loadings of each com-
partment on the first three principal components

Variable Component

1 2 3
Leaves 0.131 -0.852 0
Stems 0.564 0.337 —0.591
Hypocotyl 0 -0.104 0
Underground roots -0.799 0.164 —-0.308
Aerial roots 0 0.326 0.729
Inflorescences 0 0.129 0.157
Variance explained (%) 57.9 335 6.5

groups based on their relatively high allocation to leaves
(component 2; P = 0.05, Kruskal-Wallis rank-sum test
of component 2 among treatments; cf. Fig. 4). There
were no significant differences among treatments in
either component 1, loading allocation to stems and
underground roots (Table 2; P = 0.66) or component 3,
loading allocation to stems and aerial roots (Table 2;
P = 0.55).

Four composite measures of total plant growth — area
per leaf, LAR (m?/g), LWR (g/g), and SLA (m?/g) — did
not vary among treatments after correction for among-

treatment differences in plant size {P > 0.15, all cases;
area per leaf: mean 16.8 = 4.38 (SD) cm’; LAR:
0.002 £ 0.001 m%*/g; LWR: 0.29 + 0.096 g/g; SLA:
0.006 + 0.002 m?/g]. Similarly, average branch length
did not differ among treatments (P = 0.34), and aver-
aged 18.5 cm. However, canopy shape did differ among
treatments. At the end of the experiment, HW plants
had much more ‘compact’ canopies than either MW or
LW plants. Both canopy depth (distance from low-
est branch to main shoot apex) and maximal canopy
width (average of two perpendicular measurements)
varied among treatments (HW: depth = 42.3 &+ 8.58 cm,

width = 61.3 £ 11.07; MW: depth = 97.9 £ 21.90,
width = 80.5 = 10.10; LW: depth = 101.0 = 11.42,
width = 95.2 £ 12.56). These data also illustrate that

canopy shape differed among the treatments, as HW
plants had significantly ‘shallower’ canopies (width:
depth = 1.4 £ 0.23) than either MW (width: depth =
0.9 + 0.21) or LW plants (width: depth = 0.9 + 0.13)
(P = 0.001, Kruskal-Wallis rank-sum test among
treatments).

Reproduction

LW and MW plants began to flower in January 1996,
while HW plants did not begin to flower until September
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Fig. 4 Polar plots illustrating multidimensional patterns of biomass
allocation among plants at all harvest dates. Polar plots are polar
projections of bar charts where the distance of each vertex from the
center of the plot (equivalent to the ‘bar’) represents the percent of
biomass in that compartment [leaves, stems, hypocotyl, underground
roots, aerial roots (A-ROOTS), or inflorescences (INFLOS)]. In lieu
of bars, only the values indicating percent of biomass are noted, and
they are connected into a polygon (see A.M. Ellison 1993 for further
discussion of polar plots). Visually, a change in ‘shape’ of the icon
from left to right indicates a change in relative biomass allocation
patterns over time, while top-to-bottom differences indicate differen-
ces among treatments. All plots are equivalently scaled. In all 1994
and 1995 icons, both percent aerial roots and percent inflore-
scences = 0, while for 1996 icons (MW and LW: HW only for Sept.
1996), percent allocation to aerial roots and inflorescences is
multiplied by 10 for clarity

1996. Of those plants that did flower, LW always pro-
duced more inflorescences (2-4 flowers each) than MW
or HW plants (Fig. 4; Feb. 1996: P = 0.08; June 1996:
P = 0.01; Sept. 1996: P = 0.001). Reproductive plants
did not begin to set fruit until the second flowering
episode, 2.5 years after planting.

Physiological measurements

Repeated-measures MANOVA on maximum photo-
synthetic rates (P, pmol CO, m™2 s~ ' assimilated at
saturating PAR) of continually monitored plants illus-
trated that both HW and LW plants showed modest
declines in P, relative to the preflood conditions, while
Prax at MW remained constant over the course of the
experiment (Fig. 5; MS = 21.52, Fo4 = 2.69, P =
0.009, Time x Treatment interaction; overall treatment
differences: P = 0.04, Wilk’s 2). There were no among-
treatment differences in overall rates of (log-transformed)
stomatal conductance (MS = 0.168, F;4 = 0.723,
P = 0.72, Time x Treatment interaction), which de-
clined over time in all treatments (Fig. 5). Overall,
measured P, and (log-transformed) stomatal con-

OCT. FEB. JUNE SEPT.
1996
ductance were positively correlated (r = 0.62, P <

0.001; Fig. 5) and showed no seasonal variability. The
rate of photosynthesis for a given rate of stomatal
conductance, based on comparisons of regression coef-
ficients for the best-fit lines shown in Fig. 5, was
significantly higher among HW (B, = 3.73) and LW
(B, = 3.64) plants than at MW (B; = 2.87; P < 0.05).
Because of the tight correlation between transpiration
rate and stomatal conductance (r = 0.91), responses
in transpiration rates closely paralleled temporal and
treatment-specific responses observed for stomatal con-
ductance.

Relative growth rate (RGR) from one harvest to the
next was computed as [In(mass,,;)} — In(mass,)]/(num-
ber of days between harvests). We estimated the stan-
ding total biomass of those plants that were measured
continually throughout the experiment from a regression
of biomass on stem length derived from the harvested
plants (In(total biomass) = —1.22 + 1.04 x In(total
stem length); +* = 0.97]. Temporal patterns of RGR
differed among treatments (MS = | x 107>, Fig4s =
2.74, P = 0.01, Time x Treatment interaction in a
repeated-measures MANOVA; overall treatment differ-
ences: P = 0.02, Wilk’s 4; Fig. 5). The RGR at HW was
constant over the course of the experiment, while RGR
at MW and LW increased during the first part of the
experiment and declined later. The RGR of LW plants
peaked about 6 months earlier and subsequently
declined more rapidly than the RGR of MW plants
(Fig. 5). RGR and P,.x were positively correlated
(r = 0.36, P < 0.001; Fig. 5), while stomatal conduc-
tance and RGR were not significantly correlated with
each other (r = 0.07; Fig. 5). Temporal patterns in rates
of growth, photosynthesis, and stomatal conductance
among harvested plants were qualitatively similar to and
showed identical statistical differences as those observed
for plants followed continually.

Net assimilation rate (NAR, g m 2 day™"), computed
for harvested plants as RGR for the measurement
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20 Fig. 5 Joint relationships between relative growth rate (RGR,
18t . g g ' day™), maximum photosynthetic rate (P..,), and stomatal
4 v conductance of the set of 12 plants that were measured repeatedly
— 16 - over the course of the experiment. Note that stomatal conductance is
‘» 1411 plotted on a logarithmic scale. Significant differences among
Ry 12F v v 1 v v treatments are illustrated with multiple regression lincs (regression
x EN v . statistics given in text); all regressions are first-order linear regressions,
g o 10 | #=——— S R . 2 except for RGR on elapsed time, which is a second-order linear
e o 8 'E ¢ 8 regression. Svmbols and lines as in Fig. 3
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interval preceding their harvest divided by LAR at
harvest, declined over the course of the experiment for
all treatment groups (Fig. 6). LW plants exhibited a
50% faster rate of decline (P < 0.01, comparison of
regression slopes) than either MW or HW plants, while
the latter two treatment groups declined at similar rates
(P > 0.10, comparison of regression slopes). Among all
treatment groups, RGR at harvest was significantly re-
lated to NAR at harvest (LW:r = 0.84; MW:r = 0.71;
HW: r = 0.73; all cases P < 0.001; Fig. 6). Compari-
sons among regression slopes indicated that LW plants
showed a 36% lower increase in RGR for a given in-
crease in NAR than either MW or HW plants
(P < 0.01), while the Ilatter two treatment groups
showed similar RGR responses for a given change in
NAR (P > 0.10).

(mol H,0 m*s™)

Leaf chemistry and anatomy, stem lignification,
and root porosity

The foliar C:N ratio and chlorophyll content decreased
significantly from LW through MW to HW, but we
observed no differences in foliar salt (%Na) concentra-
tion among treatments (Table 3). Among all plants
pooled, total leaf thickness declined from a pretreatment
(July 1994) 0.6 £+ 0.08 mm to a post-treatment (October
1995) 0.46 £ 0.05 mm (P < 0.001, r-test). During
this same period. the epidermis thickened by 56%
(P = 0.01) while the palisade layer was reduced by 15%
(P = 0.03). Other leaf tissue layers showed no signifi-
cant changes in thickness (P > 0.15) during this same
time period. However, after treatments commenced, no
measures of leaf structure showed any significant change
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Fig. 6 Treatment-specific chan- IBARRRN T

. R 12 ¢
ges in net assimilation rate
(NAR) over time (left panel), v
and the relationship between 10 -
RGR and NAR (right panel). n
Significant differcnces among 8rav
treatments are illustrated with am
multiple linear regression lines 6F

(statistics in text). Symbols and
lines as in Fig. 3
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Table 3 Chemical characteristics of leaves, expressed on a per-
centage basis (means + SD). For a given row, different super-
scripts indicate significant (P < 0.05) pairwise differences among
treatments. Data from all harvests are pooled (1 = 28 per cell), as
there were no significant temporal trends in foliar chemistry
(P > 0.4, all variables in all treatments)

Treatment
HW MW LW
% C 423 +£ 1.59° 441 + 1.97° 443 =+ 2.09"
[(g/g) x 100]
% N 24 £+ 036 2.0 +£039° 1.7 £+ 027
[(g/g) x 100] , X
C:N 18.1 + 2.56° 232 + 458 2701 L 5.68
% Na 26 + 083 24 £ 045 27 + 0.51°
[(g/g) x 100] , . .
Chlorophyll ~ 0.12 + 0.052* .16 £ 0.055> 0.17 + 0.032
(mg/g)

among treatments across dates (cuticle: 3.5 + 1.4%;
epidermis: 7.8 + 3.2%; hypodermis: 24.5 £ 5.1%;
mesophyll: 31.4 + 5.2%; palisade: 29.0 = 5.0%; AN-
OVA results — Treatment: P = 0.37; Date: P = 0.08;
Treatment x Date: P = 0.82). However, median sto-
matal density was higher in both HW and LW plants
compared with MW ones (LW: 50/mm; MW: 44/mm;
HW: 46/mm; P = 0.10, Kruskal-Wallis rank-sum test).

Stems of LW plants began to produce wood (sec-
ondary thickening) within 1 year of flooding and 3
months earlier than MW plants, while only onc HW
plant had a woody stem by the end of the experiment.
Median root porosity increased slightly with pot height
(LW: 25%: MW: 32%; HW: 48%; P = 0.08, Kruskal-
Wallis rank-sum test).

Discussion

Our results demonstrate potential significant impacts
of both increased and decreased water depth on the
physiology, growth, morphology, and reproduction of
R. mangle, the predominant species in neotropical

L
0 2 4 6 8 10 12

NAR (g m?d™)

mangrove forests. Because the experiment described here
closely mimicked field tidal (cf. Curran et al. 1985) and
edaphic conditions (cf. Nickerson and Thibodeau 1985;
McKee et al. 1988, McKee 1993, 1995; Kryger and Lee
1995, 1996; contra Finn 1996), and because its duration
spanned seedling, sapling, and reproductive stages of
R. mangle, these data constitute reasonable predictors of
the growth of this prominent mangrove species in a
range of sea level conditions expected to occur
throughout the Caribbean Sea within 50-100 years
(Granger 1991). These results, together with comple-
mentary data from our previous study on the effects of
elevated CO, on R. mangle (Farnsworth et al. 1996),
substantively address two broad areas of concern
regarding mangroves and global climate change. These
results suggest that detrimental effects of sea level rise or
fall will offset increases in growth caused by fertilization
effects of anticipated elevated concentrations of atmo-
spheric CO, (Farnsworth et al. 1996).

Responses of R. mangle to simulated sea level change

We postulate that the acid-sulfide soils that developed in
the HW pots retarded the growth of HW plants
throughout the course of the experiment (Fig. 3), as has
been demonstrated in both other field and laboratory
studies (e.g., McKee 1993). In other mangrove species,
changes in root porosity and root oxidation can com-
pensate for edaphic changes associated with acid-sulfide
soils (McKee 1996; Youssef and Saenger 1996). How-
ever, root porosity of R. mangle was only weakly af-
fected by the different edaphic conditions and water
depths, consistent with data on this genus reported by
McKee (1996) and Youssef and Saenger (1996).

Early in the experiment, LW plants grew more rap-
idly than MW ones, as indicated by initial higher total
stem length, stem diameter, and number of leaves
(Fig. 3). After 1'% years, however, the RGR of the
flooded plants slowed dramatically (Fig. 5), and by the
end of the experiment (2% years after tidal treatments
began), MW plants were larger in all respects except for
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stem diameter (Fig. 4). At the same time that growth
slowed at LW, the NAR of LW plants fell below that of
the MW plants (Fig. 6), and for those relatively low
rates of NAR (<4 g m ? day™ "), MW plants had sig-
nificantly higher RGRs than LW plants (Fig. 6). While
all plants in all treatments exhibited allometric growth
typical of mangrove seedlings and saplings (Ellison and
Farnsworth 1996b; Farnsworth and Ellison 1996), the
allometry of growth did not differ among treatments. In
other words, by the end of the experiment, MW plants
were basically larger versions of LW and HW plants (see
Coleman et al. 1994 for a further discussion of disen-
tangling differences in size and allometry).

P« also declined over time for both LW and HW
plants, while it remained constant for MW ones (Fig. 6).
P.x was also 25% lower for a given stomatal conduc-
tance for both HW and LW plants relative to those at
MW. NAR, RGR, and P,,,, were consistently lower at
HW throughout the experiment (Figs. 5, 6), and these
plants also had significantly more vertical and compact
(higher height-to-width ratio) canopies than either MW
or LW plants. Such differences in canopy architecture
can affect the leaf area exposed to light through differ-
ential self-shading, and could also alter susceptibility of
plants to windthrow or wave damage.

These growth patterns are very similar to those ob-
served for R. mangle growing under field conditions at
different tidal heights. Among seedlings, early shoot
growth among transplanted seedlings was highest for
plants growing in the lowest intertidal (Ellison and
Farnsworth 1993; Farnsworth and Ellison 1996). Seed-
lings transplanted to highest high water were chlorotic
and died within 1 year (Ellison and Farnsworth 1993)
and, in a second set of transplants, seedlings trans-
planted to lowest low water had 60% lower survivorship
than seedlings growing at intermediate tidal heights
(Farnsworth and Ellison 1996). For young R. mangle
saplings, shoot growth was correlated inversely with
water depth between mean water and low water (Ellison
and Farnsworth 1996). P, declined with tree age
across tidal elevations, and branch architecture and leaf
placement within canopies changed over time from rel-
atively compact with leaves nearer to vertical in seed-
lings, to relatively open with leaves nearer to horizontal
in saplings and mature trees (Farnsworth and Ellison
1996).

Comparison of effects of changing water depth and CO,

Clearly, the strongest conclusions regarding responses of
R. mangle to climate change would benefit from a full
CO; x tidal change factorial experiment. Unfortunately,
space and resource limitations precluded such a factorial
design in this experiment. However, comparisons of
relative responses of R. mangle to relative sea level rise
or fall with those found following doubling of atmo-
spheric CO, concentration illustrate that for some key
physiological and growth parameters, CO, fertilization

effects described by Farnsworth et al. (1996) will be
tempered by negative responses to changing sea level
(Table 4). For example, elevated CO, led to 30-40%
increases in stem length, number of branches, and total
plant mass. However, a simulated sea level rise de-
creased these plant growth characteristics by 10-25%,
and a simulated sea level fall decreased them by
40-55%. Declines of 12-16% in stomatal density and
increases in P, in 700 ppm CO, contrast with 6-21%
increases in stomatal density and decreases in P, at
both LW and HW. Enhancements of RGR (21%) and
NAR (30%) in elevated CO» contrast with almost id-
entical declines at LW (23% and 29%, respectively) and
more modest declines at HW (3% and 16%, respec-
tively). Similarly, declines in foliar C:N and increases in
foliar Na observed at LW and HW ran counter to
changes in leaf chemistry exhibited by plants grown in
high CO,.

Composite morphological parameters, such as SLA
and LAR were relatively insensitive to different future
environmental conditions, indicating little phenotypic
plasticity for these traits (Table 4). These observations
are supported by growth analyses (compare patterns of
growth and biomass allocation in Results above with
Table 2 of Farnsworth et al. 1996): LW and HW plants
were simply smaller versions of plants growing at MW,
while plants growing in elevated CO, were larger ver-
sions of plants growing in ambient CO,.

Table 4 Responses of Rhizophora mangle growing at HW or LW
relative to MW, and responses to growing in elevated (700 ppm)
COs relative to ambient (350 ppm) CO-. Values given are ratios of
mean responses at final harvests (i.e., HW/MW). Values >1 in-
dicate an enhancement in the parameter under predicted conditions
relative to present-day conditions, while values <1 indicate a ne-
gative response to anticipated climate change. CO, data are derived
from Farnsworth et al. (1996). For the CO, data, an asrerisk
indicates a significant departure from 1 (Bonferroni-adjusted
P < 0.05, n =9 plants per treatment); low sample size and
statistical power precluded significance testing for these ratios in
the tidal experiment (n = 4 plants in each treatment at the final
harvest)

Parameter LW HW High
CO»
Total stem length 0.88 0.43 1.34*
Number of branches 0.75 0.55 1.39*
Total plant dry mass 0.99 0.47 1.45*
Total leaf area 1.03 0.53 1.33*
Specific leaf area 1.00 1.00 0.99
Leaf weight ratio 1.01 I.16 1.07
Number of aerial roots 1.18 - 3.25%
Root mass:shoot mass 1.25 1.18 1.45
Stomatal density 1.07 1.01 0.84*
Maximum 0.94 0.79 1.12*
photosynthetic rate
Stomatal conductance 0.89 0.66 0.48*
Foliar chlorophyll 0.99 0.94 0.87*
Foliar C:N 0.98 0.64 1.31*
Foliar Na 1.11 1.61 0.79
Number of inflorescences 1.08 0.07 2.33*
Relative growth rate 0.77 0.97 1.21*
Net assimilation rate 0.71 0.84 1.30%*




Finally, we interpret traits that changed in parallel in
the two experiments as generalized responses to envi-
ronmental stress. Plants growing at HW and LW, like
plants growing in elevated CO,, dramatically increased
total root mass relative to total shoot mass (Tabie 4).
Aerial roots and inflorescences were produced earlier
and in greater number (Table 4), stems lignified sooner,
and Py, declined more rapidly (Fig. 4; and Fig. 4 in
Farnsworth et al. 1996) in ‘stressed’ plants relative to
‘ambient’ controls. Finally, while RGR normally de-
clines with plant age because of increased respiration
costs, RGR peaked 6 months sooner for LW than MW
plants (Fig. 5). Similarly, RGR slowed more rapidly in
clevated CO, than it did at ambient concentrations
(Table 1| of Farnsworth et al. 1996). In summary, these
responses in carbon allocation, photosynthetic rates,
and RGR parallel changes observed across ontogeny in
field populations of R. mangle (Farnsworth and Eilison
1996) and may reflect accelerated senescence of plants
growing under conditions approximating coastal envi-
ronments 50 years in the future.

Conclusions

Throughout the Holocene, mangroves in the Caribbean
have been able to respond to relatively small changes in
sea level ( < 8-9 mm/year) through landward or seaward
migration (Parkinson 1989; Parkinson et al. 1994) me-
diated by local topography (Bacon 1994), while larger
changes in sea level may have led to mangrove ecosystem
collapse (Ellison and Stoddart 1991; J.C. Ellison 1993).
In the future, landward migration of fringing mangrove
species, such as R. mangle, likely will be limited both by
in situ differences in growth and by coastal development
and associated anthropogenic barriers (Parkinson et al.
1994; Ellison and Farnsworth 1996a). Simultaneously,
physiological changes and generalized stress responses in
R. mangle may hasten its decline in Caribbean mangrove
forests. As with other wetland species, interspecific vari-
ation in physiological responses of different mangrove
species to factors associated with climate change would
be expected to lead to changes in species composition and
community structure following predicted changes in sea
level and atmospheric CO, levels. Determination and
accurate prediction of community-level responses in
mangrove forests to global climate change will require
experiments using multiple species in realistic laboratory
experiments and under controlled field conditions.

Acknowledgements We thank Russ Billings, Ellen Shukis, and
Leszek Bledzki for help with maintaining pumps and tanks. and
Leszek Bledzki, Sybil Gotsch, Shannon LaDeau, Francesca Meier,
Uma Pinninti, Larissa O Brien, and Jerelyn Parker for help with
measuring plants. Marilyn Ball and two anonymous reviewers
provided a critical review of an early version of the manuscript. All
leal chemical analyses were done by Greg Dabkowski, Director,
Microanalysis Laboratory, University of Massachusetts, Amherst.
Mass. Tom Smith IlI provided advice on redox measurements and
technology. and Donnie Cotter assisted with soil sulfide calcula-

445

tions. This project was supported by NSF grants BSR 91-07195
and DEB 92-53743.

References

Armstrong W, Brindle R, Jackson MB (1994) Mechanisms of
flood tolerance in plants. Acta Bot Neerl 43:307-358

Arnon DI (1949) Copper enzymes in isolated chloroplasts: poly-
phenoloxidase in Beta vulgaris. Plant Physiol 24:1-15

Bacon PR (1994) Template for evaluation of impacts of sea level
rise on Caribbean coastal wetlands. Ecol Eng 3:171-186

Ball MC (1988) Salinity tolerance in the mangroves Aegiceras
corniculatum and Avicennia marina. 1. Water use in relation to
growth, carbon partitioning, and sait balance. Aust J Plant
Physiol 15:447-464

Ball MC (1996) Comparative ecophysiology of mangrove forest
and tropical lowland moist rainforest. In- Mulkey SS, Chazdon
RL, Smith AP (eds) Tropical forest plant ecophysiology.
Chapman & Hall, New York, pp 461-496

Ball MC, Munns R (1992) Plant responses to salinity under elevated
atmospheric concentrations of CO,. Aust J Bot 40:515-525

Ball MC, Pidsley SM (1995) Growth responses to salinity in rela-
tion to distribution of two mangrove species, Sonneratia alba
and S. lanceolata, in northern Australia. Funct Ecol 9:77-85

Chapman VJ (1976) Mangrove vegetation. Cramer, Vaduz

Coleman JS, McConnaughy KCM, Ackerly DD (1994) Interpreting
phenotypic variation in plants. Trends Ecol Evol 9:187-191

Curran M, Allaway WG, Cole M (1985) Artificial tidal system for
growing mangroves. Wetlands (Aust) 5:70—77

Curran M, Cole M, Allaway WG (1986) Root aeration and res-
piration in young mangrove plants (Avicennia marina (Forsk.)
Vierh.). J Exp Bot 37:1225-1233

Davis WP, Thornton KW, Levinson B (1994) Framework for
assessing effects of global climate change on mangrove ecosys-
tems. Bull Mar Sci 54:1045-1058

Ellison AM (1993) Exploratory data analysis and graphic display.
In: Scheiner SM, Gurevitch J (eds) Design and analysis of
ecological experiments. Chapman & Hall, New York, pp 14-45

Ellison AM, Farnsworth EJ (1993) Seedling survivorship, growth,
and response to disturbance in Belizean mangal. Am J Bot
80:1137-1145

Ellison AM, Farnsworth EJ (1996a) Anthropogenic disturbance to
Caribbean mangrove ecosystems: past impacts, current trends,
and future impacts. Biotropica 28:549-565

Ellison AM, Farnsworth EJ (1996b) Spatial and temporal vari-
ability in growth of Rhizophora mangle saplings on coral cays:
links with variation in insolation, herbivory, and local sedi-
mentation rate. J Ecol 84:717-731

Ellison JC (1993) Mangrove retreat with rising sea-level, Bermuda.
Est Coast Shelf Sci 37:75-87

Ellison JC (1994) Climate change and sea-level rise impacts on
mangrove ecosystems. In: Pernetta J. Leemans R, Elder D,
Humphrey S (eds) Impacts of climate change on ecosystems and
species: marine and coastal ecosystems, IUCN, Gland, pp 11-30

Ellison JC, Stoddart DR (1991) Mangrove ecosystem collapse
during predicted sea-level rise: Holocene analogues and impli-
cations. J Coast Res 7:151-165

Evans GC (1972) Quantitative analysis of plant growth. University
of California Press, Berkeley

Ende CN von (1993) Repeated-measures analysis: growth and
other time-dependent measures. In: Scheiner SM, Gurevitch J
(eds) Design and analysis of ecological experiments. Chapman
& Hall, New York, pp 113-137

Farnsworth EJ, Ellison AM (1996) Sun-shade adaptability of the
red mangrove, Rhizophora mangle (Rhizophoraceae): changes
through ontogeny at several levels of biological organization.
Am J Bot 83:1131-1143

Farnsworth EJ, Ellison AM., Gong WK (1996) Elevated CO; alters
anatomy, physiology. growth and reproduction of red man-
grove (Rhizophora mangle L.). Oecologia 108:599-609



446

Field CD (1995) Impact of expected climate change on mangroves.
Hydrobiologia 295:75-81

Finn M (1996) The mangrove mesocosm of Biosphere 2: design,
establishment and preliminary results. Ecol Eng 6:21-56

Food and Agriculture Organization (1994) Mangrove forest man-
agement guidelines. FAO Forestry Paper 117, Rome

Granger O (1991) Climate change interactions in the greater
Caribbean. Environ Prof 13:43-58

Hovenden MJ, Curran M, Cole MA, Goulter PFE, Skelton NJ,
Allaway WG (1995) Ventilation and respiration in roots of one-
year-old seedlings of grey mangrove Avicennia marina (Forsk.)
Vierh. Hydrobiologia 295:23-29

Hunt R (1990) Basic growth analysis. Unwin Hyman, London

Jelgersma S, Van der Zijp M, Brinkman R (1993) Sea level rise and
the coastal lowlands in the developing world. J Coast Res
9:958-972

Jensen CR, Luxmoore RJ, Van Gundy SD, Stolzy LH (1969) Root
air space measurements by a pycnometer method. Agron J
61:474-475

Kjerfve B, Riitzler K, Kierspe GH (1982) Tides at Carrie Bow Cay,
Belize. In: Riitzler K, Macintyre 1G (eds) The Atlantic barrier
reef ecosystem at Carrie Bow Cay, Belize. 1. Structure and
communities. Smithsonian Institution Press, Washington, DC,
pp 47-51

Kozlowski TT (ed) (1984) Flooding and plant growth. Academic
Press, Orlando

Kryger L, Lee SK (1995) Effects of soil ageing on the accumulation
of hydrogen sulphide and metallic sulphides in mangrove areas
in Singapore. Environ Int 21:85-92

Kryger L, Lee SK (1996) Effects of mangrove soil ageing on the
accumulation of hydrogen sulphide in roots of Avicennia spp.
Biogeochemistry 35:367-375

Lin G, Sternberg LDL (1995) Variation in propagule mass and its
effect on carbon assimilation and seedling growth of red man-
grove (Rhizophora mangle) in Florida, USA. J Trop Ecol
11:109-119

Ma TS, Rittner RC (1979) Modern organic elemental analysis.
Dekker, New York

Maclntyre IG, Lighty RG, Raymond A (1987) Holocene stratig-
raphy of the Twin Cays mangrove buildup. In: Riitzler K (ed)
Caribbean coral reef ecosystems: report 1986. National Muse-
um of Natural History, Washington, DC, p 7

McKee KL (1993) Soil physiochemical patterns and mangrove
species distribution — reciprocal effects? J Ecol 81:477-487

McKee KL (1996) Growth and physiological responses of neo-
tropical mangrove seedlings to root zone hypoxia. Tree Physiol
15:883-889

McKee KL, Mendelssohn 1A, Hester MW (1988) Reexamination
of pore water sulfide concentrations and redox potentials near
the aerial roots of Rhizophora mangle and Avicennia germinans.
Am J Bot 75:1352-1359

Naidoo G (1985) Effects of waterlogging and salinity on plant
water relations and on the accumulation of solutes in three
mangrove species. Aquat Bot 22:133-143

Nickerson NH, Thibodeau FR (1985) Association between pore
water sulfide concentrations and the distribution of mangroves.
Biogeochemistry 1:183-192

Ong JE (1995) The ecology of mangrove conservation and man-
agement. Hydrobiologia 295:343-351

Parkinson RW (1989) Decelerating Holocene sea-level rise and its
influence on southwest Florida coastal evolution: a transgres-
sive/regressive stratigraphy. J Sediment Petrol 59:960-972

Parkinson RW, DeLaune RD, White JR (1994) Holocene sea-level
rise and the fate of mangrove forests within the wider Carib-
bean region. J Coastal Res 10:1077-1086

Perkin-Elmer (1982) Methods for atomic absorption spectroscopy.
Perkin-Elmer, Norwalk, Conn

Pernetta JC (1993) Mangrove forests, climate change and sea level
rise: hydrological influences on community structure and
survival, with examples from the Indo-West Pacific. IUCN,
Gland

Pezeshki SR, DelLaune RD, Patrick WH Jr (1990) Differential
response of selected mangroves to soil flooding and salinity:
gas exchange and biomass partitioning. Can J For Res 20:869—
874

Porra RJ, Thompson WA, Kriedemann PE (1989) Determination
of accurate extinction coefficients and simultaneous equations
for assaying chlorophylls a and b with four different solvents:
verification of the concentration of chlorophyll standards by
atomic absorption spectroscopy. Biochim Biophys Acta
975:384-394

Scholander PF, Hammerl HT, Hemmingen E, Garey W (1962) Salt
balance in mangroves. Plant Physiol 37:722-729

Semeniuk V (1994) Predicting the effect of sea-level rise on man-
groves in northwestern Australia. J Coast Res 10:1050--1076

Silver WL, Brown S, Lugo AE (1996) Effects of changes in biodi-
versity on ecosystem function in tropical forests. Conserv Biol
10:17-24

Snedaker SC (1995) Mangroves and climate change in the Florida
and Caribbean region: scenarios and hypotheses. Hydrobiol-
ogia 295:43-49

Snedaker SC, Meeder JF, Ross MS, Ford RG (1994) Mangrove
ecosystem collapse during predicted sea-level rise — Holocene
analogues and implications — discussion. J Coast Res 10:497—
498

Tomlinson PB (1986) The botany of mangroves. Cambridge
University Press, Cambridge

Twilley RR, Snedaker SC, Yarez-Arancibia A, Medina E (1996)
Biodiversity and ecosystem processes in tropical estuaries:
perspectives from mangrove ecosystems. In: Mooney HA,
Cushman JH, Medina E, Sala OE, Schulze E-D (eds) Biodi-
versity and ecosystem functions: a global perspective. Wiley,
New York

UNEP (1993) Impact of expected climate change on mangroves.
UNESCO, Paris

Wigley TML, Raper SCB (1992) Implications for climate and
sea level of revised IPCC emissions scenarios. Nature 357:293—
300

Wolanski E, Chappell J (1996) The response of tropical Australian
estuaries to a sea level rise. J Mar Syst 7:267-279

Youssef T, Saenger P (1996) Anatomical adaptive strategies to
flooding and rhizosphere oxidation in mangrove seedlings. Aust
J Bot 44:297-313



