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Summary We determined how different hydroperiods af-

fected leaf gas exchange characteristics of greenhouse-grown
seedlings (2002) and saplings (2003) of the mangrove species
Avicennia germinans (L.) Stearn., Laguncularia racemosa
(L.) Gaertn. £., and Rhizophora mangle L. Hydroperiod treat-
ments included no flooding (unflooded), intermittent flooding
(intermittent), and permanent flooding (flooded). Plants in the
intermittent treatment were measured under both flooded and
drained states and compared separately. In the greenhouse
study, plants of all species maintained different leaf areas in the
contrasting hydroperiods during both years. Assimil-
ation-light response curves indicated that the different
hydroperiods had little effect on leaf gas exchange characteris-
tics in either seedlings or saplings. However, short-term inter-
mittent flooding for between 6 and 22 days caused a 20%
reduction in maximum leaf-level carbon assimilation rate, a
51% lower light requirement to attain 50% of maximum assim-
ilation, and a 38% higher demand from dark respiration. Al-
though interspecific differences were evident for nearly all
measured parameters in both years, there was little consistency
in ranking of the interspecific responses. Species by hydro-
period interactions were significant only for sapling leaf area.
In a field study, R. mangle saplings along the Shark River in the
Everglades National Park either demonstrated no significant
effect or slight enhancement of carbon assimilation and wa-
ter-use efficiency while flooded. We obtained little evidence
that contrasting hydroperiods affect leaf gas exchange charac-
teristics of mangrove seedlings or saplings over long time in-
tervals; however, intermittent flooding may cause short-term
depressions in leaf gas exchange. The resilience of mangrove
systems to flooding, as demonstrated in the permanently
flooded treatments, will likely promote photosynthetic and
morphological adjustment to slight hydroperiod shifts in many
settings.

Keywords: Avicennia germinans, carbon assimilation, flood-
ing, Laguncularia racemosa, photosynthesis, Rhizophora
mangle, stress physiology, water-use efficiency.

Introduction

Globally, mangrove communities are being subjected to al-
tered flood depths and durations as a result of sea-level rise
(Woodroffe 1990, Ellison and Stoddart 1991, Ellison 1993,
Parkinson et al. 1994, Woodroffe 1999) and human-induced
regional hydrologic changes (Choy and Booth 1994, Twilley
etal. 1998, Elster 2000, Mazda et al. 2002). The halophytic na-
ture of true mangroves creates difficulties for scientists at-
tempting to investigate the effects of altered hydroperiod on
these coastal systems. On the one hand, inundation with fresh
water alone biases assessments of flooding, because optimal
growth and physiological activity are likely attained under sa-
line conditions (e.g., Ball 1988, Smith 1992, Ball 1996). On
the other hand, salinity at any concentration may confound
interpretation of the effects of flooding on mangroves.
Although many studies have investigated the effects of sea-
water flooding on mangrove seedlings, saplings and trees (see
reviews by Popp et al. 1993, Kathiresan and Bingham 2001,
Saenger 2002), less is known about the effects that increased
flood duration is likely to have on mangrove communities.
Studies on the effects of long-term flooding have typically
been conducted at optimal salinities. For instance, the growth
of Avicennia marina (Forsk.) Vierh. and Aegiceras corni-
culatum (L.) Blanco was enhanced by flooding with salinities
between 7 and 9 g 17! (Clarke and Hannon 1970), whereas
flooding at similar salinities had no effect on A. marina seed-
lings (Naidoo et al. 1997). Prolonged flooding for up to
80 days with 33% (~12 g 17) seawater lowered leaf water po-
tential and stomatal conductance in Bruguiera gymnorrhiza
(L.) Lamk. seedlings, whereas flooding for the same duration
with fresh water increased the same parameters (Naidoo
1983). Stomatal conductance was higher in freshwater flood
treatments relative to either saline drained or saline flooded
treatments for B. gymnorrhiza, A. marina and Rhizophora
mucronata Lam. (Naidoo 1985). The study of Naidoo (1985)
also indicated that flooding with salt water necessitated greater
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osmotic adjustment for seedlings than did flooding with fresh
water. Freshwater flooding of Avicennia germinans (L.)
Stearn. and Laguncularia racemosa (L.) Gaertn. f. seedlings
for 180 days reduced total leaf area, but it had no effect on net
carbon assimilation, stomatal conductance and water-use effi-
ciency, suggesting that increased flood duration may have lim-
ited effects on neotropical mangrove communities in the short
term (Pezeshki et al. 1990). ‘

Our study was initiated to test how simulated hydroperiods
affect leaf gas exchange characteristics of A. germinans,
L. racemosa and R. mangle seedlings and saplings over two
growing seasons. In addition, we investigated leaf gas ex-
change responses of R. mangle saplings growing at various
field sites in flooded and drained conditions. Our interest in
determining the relative responses to flooding of neotropical
mangrove seedlings and saplings relates to our continued de-
velopment of unit-level (Chen and Twilley 1998) and land-
scape-level (Doyle and Girod 1997, Doyle et al. 2003) forest
simulation models in support of hydrologic rehabilitation in
southern Florida, USA. Our findings link experimental hydro-
periods and mangrove susceptibility to different degrees of
flooding.

Materials and methods
Greenhouse study

Plant material Fruits or propagules from at least five trees of
each of A. germinans, L. racemosa and R. mangle were col-
lected from intertidal environments on Terra Ceia Island near
Bradenton, Florida (27° N, 82° W). Fruits or propagules were
sownin 180-ml nursery tubes placed on benches under ambient
conditions for about 4 months. In December 2001, seedlings
were transported to Lafayette, Louisiana (30° N, 92° W) and
kept on nursery benches at the National Wetlands Research
Center (U.S. Geological Survey); subtropical temperatures
were maintained throughout the winter in the greenhouse.
Seedlings were then transported to a greenhouse at the Center
for Ecology and Environmental Technology (University of
Louisiana at Lafayette). After a 1-month acclimation period,
each seedling was transplanted to a 27-1 white, plastic bucket
containing a 5:1 (v/v) mix of peat moss and sand. A 2-cm layer
of sand was placed on the surface of each pot to bind peat soils
during flood simulations. Initial seedling heights averaged
25.8 + 0.8 (SE) cm for A. germinans, 262 + 0.9 cm for
L. racemosa and 17.8 £ 0.5 cm for R. mangle.

The buckets containing seedlings were placed in 473-1 plas-
tic tanks (PT-4822, Polytank Inc., Litchfield, MN) and main-
tained at a salinity of 7.9 + 1.1 (SD) g 1! with a commercial
seawater mix (Instant Ocean, Aquarium Systems, Mentor,
OH). Tank salinity was monitored about every 5 days with a
conductivity meter (Model 30, YSI, Yellow Springs, OH) and
adjusted to a target value of 8 g 17!, Seedlings were fertilized
with a commercial water-soluble 20,20,20 N,PK fertilizer
with micronutrients about every 45 days at a mean rate of
15.6 mg 17! of pot volume. Low background salinity concen-
trations and adequate soil nutrient concentrations were main-
‘tained to promote seedling growth for a better evaluation of

hydroperiod effects among these obligate halophytes (cf. Me-
dina 1999). Water was completely flushed from all tanks and
replaced three times over the 424-day experiment to avoid
anoxic, stagnant water conditions atypical of the open hydrol-
ogy of mangrove communities in southern Florida. The hydro-
periods maintained similar, though highly variable, soil redox
potentials at 10 cm (—4.7 + 18.2 (SE) mV) during the first year;
however, there was a distinct odor of hydrogen sulfide gas dur-
ing harvest at a depth of about 25 cm in the flooded treatments
(Day 424), which was not evident in the unflooded or intermit-
tent flooded treatments.

Beginning in April 2002, seedlings were subjected to the
hydroperiod treatments for two growing seasons and har-
vested as saplings in August 2003. Irradiance in the green-
house was about 41% of ambient for southern Florida;
integrated diurnal light flux, with maximum instantaneous
values of 800 pmol m~2 s, averaged 12.9 mol day ' during
measurements. For comparison, integrated light flux from
open sites in southern Florida (Rookery Bay, Naples) aver-
aged 31.8 + 8.6 (SD) mol day "' for May and June of 2003.
Greenhouse temperatures were maintained above 8 °C during
winter months but were usually much higher, whereas summer
temperatures did not exceed 43 °C and were usually much
lower.

Experimental design Three buckets of seedlings of each spe-
cies were randomly assigned to mixed species arrays in 15 in-
dependently maintained tanks. This provided 135 seedlings
distributed among five independent experimental replications
with all three species having equal representation, but in a dif-
ferent order within each tank.

Hydroperiod treatments included an unflooded hydroperiod
(unflooded), an intermittently flooded hydroperiod (intermit-
tent), and a permanently flooded hydroperiod (flooded). For
flooded hydroperiods, plants were flooded to about 5-10 cm
above the soil surface for the duration of the experiment. Water
levels in unflooded hydroperiods were maintained about
15-20 cm below the soil surface to ensure well-saturated soils
without flooding. Intermittent hydroperiods included periodic
flood and drain cycles in accord with data collected from basin
hydrogeomorphic zones (cf. Lugo and Snedaker 1974) in the
Rookery Bay National Estuarine Research Reserve (Naples,
Florida). While the tanks were flooded, water was maintained
at 5-10 cm above the soil surface for periods of 1 to 4 weeks.
Flooding was simulated on 11 occasions during the experi-
ment. While the tanks were drained, water was main-
tained about 15 cm below the soil surface. Water for intermit-
tent hydroperiod simulations was stored in plastic drums,
continuously recirculated while stored, and recycled to the ex-
periment. Water was replaced in cycles with the other two hy-
droperiods. Over the two growing seasons, intermittent hydro-
periods were flooded for 189 days, and flooded hydroperiods
were flooded for 424 days.

Leaf gas exchange measurements  All plants were seedlings
(< 1 m tall) during the first growing season (2002), whereas
many attained sapling size (> 1 m tall) by the end of the second
growing season (2003). The response of leaf gas exchange to

TREE PHYSIOLOGY VOLUME 26, 2006




MANGROVE LEAF GAS EXCHANGE WITH VARYING HYDROPERIOD 961

the hydroperiod treatments was measured over 17 days during
the 2002 growing season and over 22 days during the 2003
growing season. Measurements were taken in late July and
early August of each year.

Individual seedlings or saplings were randomly selected
from each treatment tank the day before measurements (after
1500 h) and placed under a green, 75% neutral density shade
cloth (~20~100 pmol m~2s7*) to limit light exposure prior to
the light response measuréments the following day. From each
plant, a single leaf was selected from one of the two highest
nodes, with each leaf in an apparent lag phase of growth (i.e.,
hardened cuticle) on either an apical or strong axillary
meristem. On the following day, each selected leaf was placed
randomly in the cuvette of an LI-6400 Portable Photosynthesis
System (Li-Cor, Lincoln, NE) at ambient temperature, a refer-
ence CO; of 375 pmol mol ™' and a photosynthetic photon flux
(PPF) of 800 umol m~2s~! (red/blue light source) for at least
7 min until steady rates of assimilation were observed. The lag
between a change in leaf transpirational status and leaf water
potential has been recorded as 2—7 min for A. germinans
(Naidoo and von Willert 1994). After equilibration, the sam-
ple CO, concentration was adjusted to 375 umol mol !, leaf
temperature was set constant to the initial equilibrated cuvette
temperature, and humidity was held at ambient. Net CO, ex-
change was measured for each leaf at PPFs of 1500, 1000, 500,
200, 100, 50, 20 and 0 pmol m~2s~", with a 2—5 min re-accli-
mation interval between measurements.

Field study

Plant material and experimental design Saplings of R. man-
gle were selected from understory locations along the Shark
River Slough (SRS) in Everglades National Park, Florida
(25°N, 81° W). Sampling sites SRS-4, SRS-5 and SRS-6 were
located about 18.2, 9.9 and 4.1 km, respectively, from the
mouth of the Shark River, and the sites differed in forest struc-
ture, fertility, hydroperiod and salinity regime (Chen and
Twilley 1999). The SRS-6 had a distinct tidal hydroperiod,
whereas SRS-5 and SRS-4 had progressively dampened
aboveground tidal influences and distinct seasonal flooding
during wet months (May to October: Krauss 2004).

All saplings were located within 15 m inland of the Shark
River and were shaded. During gas exchange measurements,
understory irradiance at the leaf plane averaged 54 pmol
m~2 5™ but ranged from 5 to 650 umol m~2 s, Height of
R. mangle saplings in SRS-4 averaged 1.02 + 0.08 (SE) m,
whereas heights in SRS-5 and SRS-6 averaged 0.92 + 0.06 m
and 1.02 + 0.05 m, respectively. Saplings across all sites had
5-161 leaves and as many as 13 primary branches.

Measurements were taken between 1100 and 1600 h in De-
cember 2002, when soils were drained at all sites, and at the
same times again in October 2003, when soils were flooded at
all sites. Saplings were selected from within a 40-m? area. Sap-
lings were haphazardly selected and represented plants that
appeared healthy.

Leaf gas exchange measurements Net assimilation (A,), sto-
matal conductance (Gy), transpiration (7;) and instantaneous

water-use efficiency (WUE) were measured on one leaf for
each selected R. mangle sapling. Individual leaves were se-
lected as described for the greenhouse-grown plants. Each leaf
was placed in the cuvette of an LI-6400 Portable Photosynthe-
sis System at ambient temperature, ambient humidity, and a
PPF of 800 pmol m~2 s™! (red/blue light source) for at least
10 min, but often longer, until steady rates of assimilation were
observed.

Statistical analysis

Greenhouse study All assimilation-light response curves
were fit for individual leaves by nonlinear regression (rectan-
gular hyperbola) as A = (Amax.sPPF)/(K + PPF) — Ry, where
Anmax.g 18 gross assimilation rate at light saturation, X is the PPF
at 50% Of Ay, and Ry is the dark respiration rate (Givnish
1988). Net assimilation at light saturation (Ama) was deter-
mined graphically, and apparent quantum yield (¢) was deter-
mined from the first derivative of the equation for A at a PPF of
50 pmol m~2 57! as ¢ = (AmaxeK)/(K> + 2K(PPF) + PPF?).
Light compensation point (LCP) was determined as KRy /
(R4 — Amaxg) (Gardiner and Krauss 2001). Between five and
seven leaves were analyzed for each treatment combination
(species x hydroperiod) for both growing seasons as simulta-
neous and independent replicates, as suggested by Lederman
and Tett (1981).

Instantaneous water-use efficiency (WUE=A,/T,) was also
measured at a PPF of 1000 pmol m > 5. Total leaf area was
determined according to the relationships between leaf length
and area for sample seedlings in 2002 (nondestructive) and ac-
cording to species-specific relationships between fresh mass
and area for all leaves of all saplings in 2003 after harvest (de-
structive). Leaf area was measured with a portable leaf area
meter (LI-3000A, Li-Cor).

The experiment was analyzed as a randomized block with
one among-subject factor (hydroperiod) and one within-sub-
ject factor (species) (Zar 1999). Error terms for both factors
were random and included replication (n = 5) nested within
hydroperiod (n = 3) as all or part of the term. Data were ana-
lyzed with ANOVA and were square root or natural log trans-
formed where appropriate to satisfy normality and homogene-
ity of residual variance assumptions. Post-hoc statistical
groupings were determined with a Tukey’s studentized range
test with Bonferroni adjustment at o = 0.05 as the rejection cri-
terion. For intermittent hydroperiods, a repeated measures
ANOVA was used on pooled data from 2002 and 2003 to de-
termine whether individual gas exchange variables were dif-
ferent when plants were drained versus flooded. All analyses
were performed with SAS version 8.02 software (SAS Insti-
tute, Cary, NC).

Field study We evaluated effects on A, G, T, and WUE by
ANOVA using a fully factorial design with a fixed error term
(MSE). A priori contrasts compared drained versus flooded
conditions in pair-wise comparisons. Data were square root
transformed where appropriate to ensure normality and homo-
geneity of residual variances. Post-hoc statistical groupings
were determined with a Tukey’s studentized range test at
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o =0.05 as the rejection criterion. All analyses were performed
with SAS version 8.02 software.

Results

Greenhouse study

Seedling response (2002) With the exception of R. mangle in
the intermittent hydroperiod, little divergence existed among
assimilation-light response curves by species for seedlings
subjected to different hydroperiods after only one growing sea-
son (Figure 1). Among the six leaf gas exchange variables re-
ported, none differed significantly for seedlings growing in
unflooded, intermittent, or flooded hydroperiods ( Table 1). For
example, Any varied by only 1.7 pmol CO, m~2 s™! among
hydroperiods for A. germinans (Table 2). Variation in Ay, was
3.7 and 4.6 pmol CO, m~2s™! for L. racemosa and R. mangle
seedlings, respectively. In contrast to the gas exchange vari-
ables, leaf area differed among hydroperiods. Non-significant

Seedlings (2002)

14 - 14 -

A. germinans
12 12 4

10 §

A(umol CO, m?s™)
o N e

hydroperiod by species interactions for leaf area (Table 2) and
mean separations among treatments indicated that, for all spe-
cies, seedlings had greater leaf area in unflooded hydroperiods
than in flooded hydroperiods over the first growing season. The
large relative leaf area response of L. racemosa to the
hydroperiod treatments dominated this trend.

In contrast to the effects of hydroperiod, species response
differed significantly for many gas exchange parameters (Ta-
ble 1). Rhizophora mangle maintained lower ¢ and A, than
A. germinans; however, R. mangle did not differ significantly
from A. germinans in total leaf area (Table 2). Laguncularia
racemosa had the greatest leaf area among species (673 cm®)
but maintained similar leaf-level capacities for Ry, Amax and K
as R. mangle in all hydroperiod treatments. Among species,
WUE ranged from 3.3 to 4.0. Laguncularia racemosa seed-
lings had higher WUE than A. germinans seedlings, but nei-
ther species differed significantly from R. mangle (Table 2).

Rhizophora mangle seedlings did not maintain a steady rate

Saplings (2003)
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—
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] L. racemosa

300 600 900 1200 1500

0 300 600 900 1200 1500 0

:R. mangle

A{umol CO, m?s™)

-4

300 600 900 1200 1500

Figure 1. Assimilation-light response
(A) for seedlings (2002) and saplings
(2003) of A. germinans, L. racemosa
and R. mangle subjected to three
hydroperiod treatments: A = un-
flooded; O = intermittent; and A =
flooded. Carbon assimilation is re-

1] 300 600 900 1200 1500 0

PPFD (umol photon m™2s™")

300 600 900 1200 1500

PPFD (umol photon m~s ™)

ported on a per leaf area basis
(= 1 SE). Abbreviation: PPFD =
photosynthetic photon flux density.
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