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Abstract Although mangroves possess a variety of
morphological and physiological adaptations for life in a
stressful habitat, interspecific differences in survival and
growth under different environmental conditions can shape
their local and geographic distributions. Soil salinity and
light are known to affect mangrove performance, often
in an interactive fashion. It has also been hypothesized
that mangroves are intrinsically shade intolerant due to
the high physiological cost of coping with saline flooded
soils. To evaluate the relationship between stress toler-
ance and species distributions, we compared responses of
seedlings of three widespread mangrove species and one
narrow endemic mangrove species in a factorial array
of light levels and soil salinities in an outdoor laboratory
experiment. The more narrowly distributed species was
expected to exhibit a lower tolerance of potentially stress-
ful conditions. Two of the widespread species, Avicennia
germinans and Lumnitzera racemosa, survived and grew
well at low—medium salinity, regardless of light level, but
performed poorly at high salinity, particularly under high
light. The third widespread species, Rhizophora mangle,
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responded less to variation in light and salinity. However, at
high salinity, its relative growth rate was low at every light
level and none of these plants flushed leaves. As predicted,
the rare species, Pelliciera rhizophorae, was the most sen-
sitive to environmental stressors, suffering especially high
mortality and reduced growth and quantum yield under the
combined conditions of high light and medium-high salin-
ity. That it only thrives under shaded conditions represents
an important exception to the prevailing belief that halo-
phytes are intrinsically constrained to be shade intolerant.

Keywords Mangrove - Distribution - Rarity - Stress
tolerance - Pelliciera rhizophorae

Introduction

Narrow endemic and widespread potentially invasive spe-
cies represent opposite ends of the continuum of species
distribution—abundance patterns, and both present major
challenges to the design of effective environmental man-
agement and conservation efforts. How species distribu-
tion patterns at different spatial scales are shaped and
maintained by life history, demographic, genetic, and envi-
ronmental processes is a fundamental focus of research
in ecology and evolutionary biology (Rabinowitz 1981;
Kruckeberg and Rabinowitz 1985; Gaston 1994, 2003;
Gaston and Kunin 1997; Rosenzweig and Lomolino 1997).
Recognizing that assessments of species rarity are scale
dependent (Harper 1981), Rabinowitz (1981; see also Rabi-
nowitz et al. 1986; Gaston 1994) distinguished different
categories of rare species. These were defined by seven out
of the eight combinations of three distribution—abundance
characteristics: geographic range (wide or narrow), habi-
tat specificity (broad or restricted), and local abundance
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(somewhere dense or everywhere sparse). Any species that
has a narrow geographic range, lives in a restricted number
of habitats, or typically lives at low density exhibits a form
of rarity. Common species comprise the eighth combina-
tion: they have wide geographic ranges and occupy a broad
range of habitats, in which they are generally abundant.
These eight classifications were presented as simplified,
heuristic divisions of what is really a continuum of distri-
bution—abundance patterns.

Species whose populations are typically sparse and
patchily distributed tend to have narrower geographical
ranges than common species (Hanski 1982; Gotelli and
Simberloff 1987; Collins and Glenn 1990; Gaston and
Lawton 1990; Hanski et al. 1993; Boulangeat et al. 2012).
Among the hypothesized explanations for the restricted
distributions of rare endemics compared to common wide-
spread species is that the former have smaller fundamental
niches, possessing more limited ranges of physiological tol-
erance or more specialized resource or other habitat require-
ments (Kruckeberg and Rabinowitz 1985; Boulangeat et al.
2012; Slatyer et al. 2013). If these requisite conditions and
resources are of limited spatial extent, or are otherwise diffi-
cult to access, then the distribution and abundance of a spe-
cies that depends on them will be constrained as well. This
study tests the hypothesis that widespread species are more
stress tolerant than narrow endemics, examining the spe-
cific case of mangrove trees, a taxonomically diverse col-
lection of taxa that have evolved convergently to live under
the stressful edaphic conditions at the interface of tropical
marine and terrestrial environments. We compared the per-
formances of four species of seedlings establishing across
an array of experimental environmental conditions that are
typical of natural mangrove habitats.

Mangrove forests offer an excellent system in which to
investigate the relationship between the stress tolerance
of species and their spatial distributions, as these forests
occupy a habitat that is physically challenging to both plant
establishment and growth (Ball 1988a; Smith 1992; Krauss
et al. 2008), and component tree species range from rare
endemic to common, and may include non-native invasives.
The tidally influenced mangrove habitat is characterized by
flooded, hypoxic, and saline soils. Adaptations that allow
plants to live in such severe edaphic conditions are varied,
but have evolved in 16 different plant families (Tomlinson
1986; Hogarth 2007). These adaptations include morpho-
logical traits such as aerial roots, lenticels, and pneumato-
phores that aerate the rhizosphere in hypoxic soils, and
regulation of tissue salt concentrations by specialized salt-
excreting leaf glands or exclusion of salt at root surfaces.
Physiological and growth responses to gradients in salin-
ity vary among mangrove species and can ultimately affect
their distributions and abundances (Ball 1988a, b, 2002;
Smith 1992; Ball and Pidsley 1995; Krauss et al. 2008).
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It has previously been proposed that halophytes inhabit-
ing the intertidal zone are shade intolerant, which explains
why mangrove forests typically lack an understory layer of
plant species that mature and reproduce beneath the closed
canopy (Janzen 1985; Lugo 1986; Snedaker and Lahmann
1988). The high metabolic costs of tolerating salt and inun-
dation are hypothesized to preclude the evolution of mor-
phological and physiological traits that allow growth and
reproduction in a low-light environment. However, the rare
neotropical mangrove Pelliciera rhizophorae (Tetramerista-
ceae) often occurs as a reproducing understory species in
forests where Rhizophora mangle (Rhizophoraceae) domi-
nates the canopy, indicating that Pelliciera may be shade
tolerant throughout its life. Pelliciera is largely restricted
to sites of low to moderate soil salinity, where it typically
grows in partial shade beneath a mixed-species canopy of
adult conspecifics and Rhizophora mangle (Jiménez 1984;
E. Dangremond, pers. obs.).

In this study, we investigated the independent and poten-
tially interacting effects of two environmental factors,
salinity and light, on the establishment, early growth, and
survival of four mangrove species. We compared Pelliciera
rhizophorae to three mangrove species that are common
throughout their native ranges: two neotropical species,
Rhizophora mangle (Rhizophoraceae) and Avicennia ger-
minans (Acanthaceae), and the Indo-West Pacific species,
Lumnitzera racemosa (Combretaceae). All three have also
become established, either accidentally or intentionally, as
reproducing populations outside their native ranges (see
“Discussion”). The study focused on the responses of seed-
lings in the first 12 weeks of life to the tested environmen-
tal factors, because variation in seedling demography is a
major driver of forest dynamics and structure (Smith 1992;
McKee 1995; Krauss et al. 2008). We expected light and
salinity to exert a synergistic impact on mangrove seed-
ling performance (Ball 2002; Lépez-Hoffman et al. 2006,
2007), with the interactive impact being strongest for the
rare species Pelliciera rhizophorae.

Materials and methods
Study species

As noted above, three of the study species are native to the
Atlantic—East Pacific (AEP) biogeographic region, and one
to the Indo-West Pacific (IWP) region (Tomlinson 1986).
Rhizophora mangle occurs from northern Florida to south-
ern Brazil on the Atlantic coast of North America, and
from Mexico to Peru on the Pacific coast. It also inhab-
its the shores of West Africa, from Senegal to Angola. Its
propagules are large; the average fresh mass (+1SE) of
propagules used in this experiment was 14.5 g (£0.40)
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(corresponding to a dry mass of 8.1 g), and were collected
from the Indian River Lagoon (27.56°N, 80.33°W), Fort
Pierce, FL, USA on 10 August 2010. Avicennia germinans
has a geographic range similar to that of Rhizophora man-
gle, extending from southern Florida to Brazil on the Atlan-
tic coast of North America, Mexico to Peru on the Pacific
coast, and along the coast of West Africa. Local Florida
populations were not fruiting at the start of the experiment,
so we used propagules from Panama, where the species
fruits earlier in the year. Propagules were collected from
Punta Galeta, near Colén, Panama (9.38°N, 79.87°W) on
27 July 2010; their average fresh mass was 1.78 g (£0.16)
(dry mass of 0.67 g). The third AEP species, Pelliciera
rhizophorae, has a much more restricted and patchy geo-
graphic range than the other study species; it is only found
on the Caribbean and Pacific coasts of Central America. In
the Caribbean, small populations exist in Nicaragua, Pan-
ama, and Columbia. Larger, but still discontinuous, popu-
lations can be found along the Pacific coast, from Costa
Rica to Ecuador. This species does not occur in Florida;
propagules used in the experiment were collected from
Souli Creek (9.01°N, 81.97°W) and Cilico Creek (9.07°N,
82.24°W), Bocas del Toro, Panama on 22 and 24 July 2010.
Their average fresh mass was 69.5 g (£2.73) (dry mass of
24.1 g).

Native to the IWP, Lumnitzera racemosa has a wide dis-
tribution along the shores of South Asia, northern Australia,
New Guinea, southern India, and East Africa. It was intro-
duced to Florida at least three times during the 1960s and
1970s, when it was planted into the living collections of the
Fairchild Tropical Botanic Garden, Coral Gables, FL, USA
(Fourqurean et al. 2010). At all three planting sites, the spe-
cies reproduced prolifically, spread beyond the boundaries
of the gardens, and became a naturalized invasive in the
surrounding area, where it came to dominate local stands of
mangroves and was estimated to have a population growth
rate of 17-23 % per year (Fourqurean et al. 2010). Ongo-
ing eradication efforts have eliminated most reproductive
individuals, so we collected young-of-the-year seedlings
and transplanted them into treepots for use in the experi-
ment (see below). Seedlings were collected from Mathe-
son Hammock County Park (25.67°N, 80.26°W), FL, USA
on 2 August 2010. The average initial fresh mass of Lum-
nitzera racemosa seedlings was 1.29 g (£0.10) (dry mass
of 0.33 g). Hereafter, the study species will be referred to
by their generic names.

Experimental design

We tested the survival and growth responses of the four
seedling species to different combinations of light and salin-
ity in an enclosed sunlit patio area adjacent to the Smith-
sonian Marine Station at Fort Pierce, FL, USA (27.46°N,

80.31°W). The experiment had a three-way factorial design,
examining the independent and interactive effects of light
level and salinity on seedling growth and survival of the
four mangrove species. Three daytime light treatments were
established, spanning the range of field light levels from
open sky to forest understory (Ball and Critchley 1982;
Cheeseman et al. 1991). Photosynthetic photon flux den-
sity maxima, measured under clear sky conditions at mid-
day, were: high light (1200 wmol m~2 s~!), medium light
(400 pmol m~2 s~ '), and low light (130 wmol m~2 s~ 1).
The high-light treatment was ambient, open-sky conditions,
while the medium- and low-light treatments were achieved
with a shade-cloth roof (Gempler’s® 50 % shade cloth and
Home Depot® 90 % shade cloth, respectively). These three
light treatments were crossed with three salinity treatments:
freshwater (0 psu), seawater (35 psu), or hypersaline (60
psu). These salinities represent a typical range of field pore-
water salinities experienced by mangroves (Smith 1992);
salt concentrations (measured with a handheld refractom-
eter) were achieved by adding Instant Ocean® aquarium
salt to fresh tap water. All treatments were refreshed with
new water of the appropriate salinity each week. To mini-
mize the effects of rainfall and evaporation, salinity was
checked in-between weekly water changes and adjusted if
necessary. Although we did not fertilize our plants, the tap
water used in the experiment contained higher concentra-
tions (£1SE) of nitrate (0.585 mg/L + 0.15) and phosphate
(78 wg/L £ 1.15) than were contributed by the added Instant
Ocean® salts. Instant Ocean® mixed with distilled water to
35 psu has nitrate levels of 0.141 mg/L £ 0.003 and phos-
phate levels of 14.3 png/L £ 2.4 (Demes et al. 2009). Thus,
the admixture of Instant Ocean salts had only a modest
effect on nutrient availability across the salinity treatments.
On 13 August 2010, each of the nine light—salinity treat-
ment combinations was established in three plastic tubs
(55 cm (L) x 40 cm (W) x 25 cm (D)), and each tub was
stocked with 16 potted early-stage seedlings (or trans-
planted young-of-the-year seedlings in the case of Lum-
nitzera), four of each species. Prior to planting, collected
propagules were floated in freshwater for 1-2 weeks. This
allows Avicennia and Pelliciera propagules to shed their
pericarps, and enhances establishment rates of Rhizophora
propagules. At the time of planting, the early-stage Avi-
cennia and Pelliciera seedlings still retained their cotyle-
dons and had not yet developed true leaves. Rhizophora
propagules exhibited no elongation of the epicotyl. Seed-
lings were planted into 12.7-cm-wide, 24.1-cm-deep plas-
tic treepots (Steuwe and Sons, Inc. #CPOT10R) that were
filled with unamended topsoil (Timberline®). Develop-
ing seedlings of Avicennia and Pelliciera were shallowly
inserted into the soil so that the root apical meristem was
approximately 1 cm below the soil surface. The elongate
propagules of Rhizophora were inserted into the soil just

@ Springer



1190

Oecologia (2015) 179:1187-1198

far enough to stay upright (~4 cm). At planting, the average
heights (soil surface to base of the primary apical stipule
or leaf-pair) of the four species of seedlings were: 5.3 cm
for Avicennia, 6.3 cm for Pelliciera, 7.4 cm for Lumnitzera,
and 18.3 cm for Rhizophora. All seedlings were weighed
before potting.

Pots of the different species were randomly interspersed
within each tub, and the 27 tubs (9 treatments x 3 repli-
cates each) were randomly interspersed across the common
garden. Seedlings were watered once a week with water
of the same salinity as the respective tub; the water level
maintained in the tubs covered the lower 3-5 cm of each
pot, keeping the soil continually moist but not inundating
it. Over the duration of the experiment, the temperature
regimes of the experimental site in Florida and the coastal
Caribbean site in Panama from which the Pelliciera and
Avicennia propagules had been collected were very com-
parable. During the experimental period, mean air tempera-
ture (£1SE) at the experimental site was 27.3 °C £ 0.05,
with a minimum of 18.1 °C and a maximum of 32.6 °C
(Smithsonian Physical Monitoring Network, Smithsonian
Marine Station at Fort Pierce, FL, USA, http:/nmnhmp.
riocean.com/arc_vision.php). During the same period,
the mean air temperature at Punta Galeta, Panama was
26.9 °C £ 0.02, with a minimum of 23.3 °C and a maxi-
mum of 32.4 °C (Smithsonian Tropical Research Institute,
Physical Monitoring Program, Galeta Marine Laboratory,
Panama, http://biogeodb.stri.si.edu/physical_monitoring/
research/galeta).

Measurements and statistical analysis

We assessed seedling condition (alive or dead) and meas-
ured seedling height at weekly intervals over a period of
12 weeks (82 days). In association with the final set of
height measurements, we assayed light-adapted photo-
synthetic yield (i.e., quantum efficiency of Photosystem II
photochemistry) on a subsample of plants from each treat-
ment as an index of plant stress (Genty et al. 1989; Max-
well and Johnson 2000; Baker and Oxborough 2004). This
index (Ppgp) is calculated as (F,,, — F)/F,,, where F, and
F, are the maximal and steady-state fluorescence yields,
respectively (following the notation of Maxwell and John-
son 2000). It measures the proportion of light absorbed by
PSII chlorophyll that is used in photochemistry. A pulse
amplitude modulation (PAM) fluorometer (Opti-Sciences
OS5-FL, Hudson, NH, USA) was used to measure fluo-
rescence values for three randomly chosen plants of each
species in each treatment; however, no surviving Pelliciera
plants remained in the high-light hypersaline or high-light
seawater treatments, and the leaves on the freshwater plants
were too small to make an accurate measurement. Rhiz-
ophora seedlings growing in hypersaline treatments did
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not flush leaves, so measurements could not be taken on
those plants. Following these fluorescence measurements,
surviving seedlings were carefully extracted from their pots
and the soil washed from their roots. They were then dried
for 3 days to a constant mass in a 60 °C drying oven, and
weighed to determine dry biomass.

We analyzed the independent and interacting effects
of species, light level, and salinity on plant survival and
growth. Three growth measures were evaluated: plant
height, dry biomass, and relative growth rate. All plants
that rooted (see below) were included in the height and
biomass analyses, using measurements taken either at
the time of their death within the 12-week experimental
period or when they were harvested alive at 12 weeks.
This approach produced an integrated measure of the
combined influence of life span and growth rate on the
mean final height and biomass attained by plants under
the different environmental conditions. We re-ran the
same analyses, examining only those individuals that
survived to be harvested alive at 12 weeks. In this case,
observed differences would reflect solely the influence of
environmental conditions on plant growth over 12 weeks.
These age-restricted analyses produced qualitatively
identical patterns of response to the treatments, so are
not reported here. Weekly relative growth rate (RGR) in
dry biomass was calculated as (InW, — InW))/(t, — 1))
where W, and W, are the dry masses of a plant (or prop-
agule) at the beginning and end of the experimental
period (¢, — t,), or 12 weeks. RGR was compared among
treatments only for individuals that survived the entire
experimental period. We adopted this protocol because,
for most organisms, RGR changes as individuals grow;
typically it declines with size/age (Rees et al. 2010; Paine
et al. 2012). Therefore, using all individuals regardless
of the size/age at death to compute a mean weekly RGR
might have introduced a bias into the treatment compari-
sons. Since the dry masses of planted propagules could
not be determined prior to planting, we used a wet-to-dry
mass conversion to calculate approximate dry masses
of propagules and seedlings (W,) at the beginning of
the experimental period. We collected extra propagules
of each species (seedlings in the case of Lumnitzera),
weighed them while they were fresh, and then weighed
them again after they dried to constant mass at 60 °C for
3 days. Linear regressions converted wet to dry mass for
each species (see Appendix A in the Electronic supple-
mentary material, ESM).

Rates of seedling survival to 12 weeks were compared
among species and treatments by multidimensional con-
tingency table analysis (Fienberg 1970; Bishop et al.
1975; Agresti 2013). Preliminary G tests comparing rates
of mortality among the three tubs assigned to each light—
salinity combination detected no significant differences
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(Gdf=2 ranged from 0.00 to 4.79, P > 0.05 in all cases),
so we pooled the data (i.e., counts of dead and surviving
seedlings) across tubs within each cell of the design to
obtain an adequate sample size for multiway categorical
data analysis. Reported G values are those associated with
deletion of the indicated terms from the model; a P value
<0.05 indicates that removal of the term significantly
reduced model fit.

Final height and biomass, RGR, and @pg; were com-
pared among species and experimental treatments with
mixed-model, factorial ANOVA. In these analyses, species,
light level, and salinity were treated as fixed factors, and
tub as a nested random factor (within each light and salinity
combination). Cochran’s tests confirmed homoscedasticity
of variance for RGR and quantum yield; final height and
biomass were In(X) and In(X + 1) transformed, respec-
tively, to equalize variances prior to analysis. In analyses
that detected significant interaction effects, species-specific
patterns were explored post hoc with simple effects analy-
ses (Winer et al. 1991).

Several of the planted propagules never developed roots.
Whether this was an effect of treatment or propagule invi-
ability could not discerned, so these individuals were
dropped from the analysis. Also eliminated was a supposed
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Fig. 1 Survival curves for seedlings of four mangrove species grown
under three light and salinity treatments for 12 weeks

Lumnitzera seedling that proved to be a seedling of the
morphologically similar native mangrove Laguncularia
racemosa.

Results
Survival

The combination of high-light and hypersaline conditions
was particularly stressful to developing seedlings (Fig. 1),
as evidenced by a significant light x salinity interaction
effect on survival rates (G to remove = 12.83, df = 4,
P = 0.012). High light was especially harmful to Pelliciera
seedling survival (species x light, G to remove = 21.47,
df = 6, P = 0.002), which suffered 83.3 % mortality
(pooled across salinity levels), compared to 22.2, 19.4, and
14.3 %, mortality for Rhizophora, Lumnitzera, and Avicen-
nia, respectively. Pelliciera and Rhizophora appeared to
be more stressed by high salinity (60 psu) than the other
two species, with 61.1 and 23.7 % dying (pooled across
light levels), respectively, compared to 9.4 % for Avicennia
and 8.6 % for Lumnitzera. However, the species x salin-
ity interaction was not statistically significant (G to
remove = 6.06, df = 6, P = 0.416).

Growth

High light and high salinity caused a reduction in seed-
ling growth compared to other treatments, though indi-
vidual species responded differently to these environ-
mental conditions. Mean final height was shaped by a
three-way interaction of species, light, and salinity effects
(Fig. 2; Fy, 54 = 2.15, P = 0.028). Posthoc examination of
the effects of light and salinity levels on the mean height
attained by each species (Table 1) revealed strongly inter-
active effects of these variables on Pelliciera seedling
height. As for survival rates, the combination of high light
and high salinity disproportionally limited the final height
of this species’ seedlings (Fig. 2d). The final heights of
Lumnitzera and Avicennia seedlings were also reduced by
high light and high salinity, but these effects were additive,
not interactive (Fig. 2a, b). Finally, neither light level nor
salinity affected the terminal heights of Rhizophora seed-
lings (Fig. 2c¢).

Final seedling biomass was affected by the treatments in
a very similar manner to plant height (Fig. 2), with signifi-
cant interactions between species and light (Fg s, = 20.49,
P < 0.001) and species and salinity (Fgs, = 3.51,
P = 0.005). Pelliciera biomass exhibited a marked sen-
sitivity to the combination of high light and hypersalin-
ity (Table 1; Fig. 2h). Lumnitzera seedling biomass was
depressed by high salinity, but showed no consistent
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response to light level (Fig. 2e). Avicennia biomass exhib-
ited a hump-shaped response to salinity; it was higher at
35 psu than O psu, and lowest at 60 psu (Fig. 2f). At every
salinity, high light levels depressed seedling biomass of
Avicennia. The final biomass of Rhizophora seedlings was
unaffected by salinity or light level (Fig. 2g).

Because none of the Pelliciera growing under high-light
conditions in either seawater or hypersaline treatments
lived past 7 weeks, a full factorial analysis of RGR, com-
parable to those conducted on final height and biomass,
was not possible. Instead, we conducted two three-way
ANOVAs on subsets of the experimental design: (A) with
Pelliciera removed from the analysis, and (B) with the
high-light treatment removed from the analysis. Analysis
A showed that high light and hypersalinity reduced the
RGR of both Lumnitzera and Avicennia, with no evidence
of an interaction between the factors (Table 1; Fig. 3a, b).
The RGR of Avicennia peaked at 35 psu, which is consist-
ent with biomass patterns (see above). The RGR of Rhiz-
ophora did not differ statistically across salinities or light
levels (Fig. 3c), but several elements of its response warrant
further investigation with greater replication. Regardless of
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Fig. 2 Effects of light and salinity treatments on height (leff) and
dry biomass of seedlings (right) at the time of their death (if prior to
12 weeks) or when harvested at 12 weeks. Values are means =1SE
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light level, its RGR was lowest at 60 psu, and none of these
plants flushed leaves. In contrast, its highest RGR occurred
in the high-light freshwater treatment (Fig. 3c). The latter
response was also weakly evident in the final height and
biomass data.

When the high-light treatment was excluded, allowing
all four species to be considered in the analysis (analysis
B), only salinity was found to affect RGR, and its influ-
ence varied among the species (Table 1). At the low to
medium light levels considered in the analysis, the RGRs
of Lumnitzera and Avicennia were reduced at high salin-
ity (Fig. 3a, b), whereas no significant effect of salinity on
RGR was detected for Rhizophora or Pelliciera (Fig. 3c, d).

Quantum yield

Quantum yield varied with the treatments in a species-
specific manner (Fig. 3). As noted above, due to treatment-
related mortality, measurements were missing for certain
species-treatment combinations, so separate ANOVAs
examining the effects of light level, salinity, and their inter-
action were conducted for each species (Table 2). Quantum
yield was generally higher at the lowest light level for all
four species, ranging close to 0.8 in seawater for all four
species. A value of ~0.83 is considered optimal photosyn-
thetic performance for most plant species (Maxwell and
Johnson 2000). The quantum yield of Lumnitzera showed
no significant response to salinity, regardless of light level
(Fig. 3e). Pelliciera’s photosynthetic yield declined with
increasing salinity under both medium and low light lev-
els (Fig. 3h). Both Avicennia and Rhizophora exhibited
light x salinity interactions that were difficult to interpret.
Avicennia’s quantum Yyield increased with a rise in salin-
ity from O to 35 psu, especially under low light, and then
changed little at higher salinity (Fig. 3f). The pattern for
Rhizophora with respect to salinity was unclear, since seed-
lings in the high-salinity treatments did not flush leaves and
quantum yield could not be measured (Fig. 3g).

Discussion

Our main prediction was that the widely distributed spe-
cies Lumnitzera, Rhizophora, and Avicennia would have
broader environmental tolerances than the narrow endemic
Pelliciera. The experimental results confirm this general
prediction; however, the widely distributed species did
exhibit individualistic responses that varied with the spe-
cific performance measure.

Pelliciera was clearly more sensitive to high salinity and
light than the other three species. It suffered higher mortal-
ity than the other species in hypersaline treatments, and this
difference was accentuated at high light levels. High-light
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'[.‘able 1 Effects O_f s.p ecies, Factor df Lumnitzera Avicennia Rhizophora Pelliciera
light level, and salinity on
ﬁrgll hefight, final biom;lss, and Final height: species x light x salinity (F, s, = 2.15%)
RGR of mangrove seedlings. . . I -
Significant full-model ANOVA Light 2,54 3.44 13.79 1.31 150.98
interactions are reported Salinity 2,54 12.94#:# 10.68%#* 0.16 47.776%**
for each response variable, Light x salinity 4,54 0.79 1.70 0.90 6.33%%%*
f91lowed by post ho.c Sl}nPle Final biomass: species x light (F 5, = 20.49%%*); species x salinity (F 54 = 3.51%%)
effects analyses for individual o 5 54 " . s ’ 1 Sg¥s
species (see text for details) Light N 0.11 6.67 0.0 86.29"
Salinity 2,54 4.29* 7.23%* 1.02 23.56%**
Light x salinity 4,54 0.66 1.04 0.48 4.42%%
RGR: analysis A (Pelliciera excluded): species x light (F 36 = 3.01%); species x salinity (Fy 35 = 4.31%%)
Light 2,36 4.59* 9.84%%* 0.02
Salinity 2,36 27.18%#* 12.95%#:# 1.18
Light x salinity 4,36 0.62 0.57 0.47

RGR: analysis B (high-light trt excluded): species x salinity (Fg 35 = 2.17, P = 0.069)

Salinity 2,12

18.19%%#* 8.20%* 0.60 0.64

Data are F ratios and probability levels: * P < 0.05, ** P < 0.01, *** P < 0.001

and salinity conditions also reduced its final height, bio-
mass, and relative growth rate compared to other treat-
ments. Of the four species, Pelliciera exhibited the greatest
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Fig. 3 Effects of light and salinity treatments on the dry biomass
relative growth rate (left) of surviving seedlings to 12 weeks. Val-
ues are means £1SE. Symbol legend for light level as in Fig. 2. No
Pelliciera seedlings survived at medium or high salinity under high
light, so neither RGR nor quantum yield could be measured for these
treatments. Seedlings growing in freshwater under high light flushed
leaves that were too small for accurate measurement of quantum
yield. Rhizophora propagules growing at high salinity did not flush
leaves at any light level, so quantum yield measurements could not
be made

reduction in quantum yield with increasing salinity. High
salinity continues to be stressful for the ensuing size/age-
class of this species: rates of carbon dioxide exchange in
two- to seven-year-old Pelliciera saplings grown hydro-
ponically in 17.5 and 35 psu were reduced by 10 and 26 %,
respectively, compared to those grown in 3.5 psu (Naidoo
and von Willert 1999). With respect to light environment,
we found that Pelliciera’s quantum yield was highest under
shaded conditions at all three salinities, which was gener-
ally also the case for Lumnitzera and Avicennia. The only
exception was Avicennia growing in freshwater, where
quantum Yyields were similar across light levels. There-
fore, energy conversion was generally most efficient in the
shade, a pattern observed in other mangrove studies (Bjork-
man et al. 1988; Krauss and Allen 2003).

The invasive Lumnitzera and native Avicennia performed
quite similarly across the treatments. They both exhibited
>90 % survival at all salinity levels under low to medium
light, with their survival declining to 58-83 % in saline
treatments under high light. Both species showed a strong
reduction in final height, biomass, and RGR under high-
salinity conditions; Avicennia performed best at intermedi-
ate salinity (35 psu), whereas Lumnitzera’s growth differed
little between freshwater and seawater. Avicennia seedlings
have been shown to be less sensitive to salt than other man-
groves because of their high water-use efficiency. This con-
servative use of water limits their growth rate but allows
Avicennia species to live in highly saline environments
(Jiménez 1984; Ball 1988b; Lovelock and Ball 2002).

Both Avicennia and Lumnitzera had depressed growth
under high-light conditions, with Avicennia being the more
sensitive of the two species. All three measures of Avicen-
nia’s growth were reduced by high light; Lumnitzera’s
response was smaller in magnitude and only detectable in
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Table 2 Results of ANOVA for

. . . Species Light Salinity Light x salinity

the independent and interactive

effects of light and salinity on df F df F df F

the quantum yields of the four

species of mangrove seedlings Lumnitzera 2,18 17.35%%* 2,18 0.45 4,18 0.78
Avicennia 2,17 1.74 2,17 14.56%** 4,17 4.21%
Rhizophora 2,12 5.33* 1,12 1.13 2,12 5.93*
Pelliciera 1,10 25.11%** 2,10 7.90%* 2,10 2.00

Probability levels are: * P < 0.5, ** P < 0.1, *** P <(0.001

final height and RGR. The quantum yields of both spe-
cies tended to decline with increasing light, but this effect
was not seen at O psu for Avicennia. At a given light level,
the quantum yield of Lumnitzera showed little response to
salinity. Rhizophora suffered greater mortality (up to 33 %)
than Lumnitzera or Avicennia in saline treatments under
low and medium light, but similar levels to these two spe-
cies under high light. We did not detect any statistically
significant influence of light level or salinity on the final
height, biomass, or RGR of Rhizophora; at high salinity,
however, none of the plants flushed leaves, and RGRs at
all light levels were low. Its quantum yield responded in a
limited and complex manner to light and salinity; confirma-
tion and interpretation of the patterns beg additional data.
Taken together, these findings indicate that Rhizophora is
negatively affected by high salinity and must establish in
more moderate salinity conditions.

It is important to note that our results pertain only to the
seedling stage of the study species’ life histories. Optimal
conditions for growth may change during a plant’s ontog-
eny (Ball 1988a, b, 2002; Lovelock and Ball 2002). In
addition, our treatments were imposed as fixed conditions
of light and salinity; different patterns and rates of temporal
variation in soil salinity can affect the tolerance and perfor-
mance of developing mangrove seedlings (Lin and Stern-
berg 1993; Bompy et al. 2014).

Due to the physiological constraints of living in saline
flooded soil, mangroves often exhibit a reduction in pho-
tosynthetic rates and carbon assimilation (i.e., growth)
under high soil salinity conditions (Ball 1988a; Love-
lock and Ball 2002; Reef and Lovelock 2014). Addi-
tionally, because the photosynthetic rates of mangroves
saturate at relatively low light intensities (typically 40 %
irradiance or less; Krauss et al. 2008), exposure of leaves
to direct sunlight can result in a large excess of excita-
tion energy and a stressful increase in leaf temperature.
Such conditions increase the potential for photooxida-
tive damage to Photosystem II, or photoinhibition, under
high-light conditions (Bjorkman et al. 1988). While
much more detailed physiological measurements would
be required to identify the precise mechanisms account-
ing for the marked vulnerability of Pelliciera to high-
light and hypersaline conditions, quantum yield values
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demonstrate a clear reduction in its photosynthetic effi-
ciency. Mangroves employ a variety of photoprotective
mechanisms (Ball 1988a, 1996; Bjorkman et al. 1988;
Ball and Passioura 1995; Cheeseman et al. 1997; Krauss
et al. 2008), but Pelliciera has not been studied in this
regard.

Our results are in agreement with the conclusion of
Krauss and Ball (2013) that few mangrove species are obli-
gate halophytes. While our study only monitored survival
and growth for 12 weeks, seedlings of all four species sur-
vived well in freshwater at all light levels. In fact, in high
light, all survived better in freshwater than either saline
treatment. Lumnitzera and Pelliciera tended to grow better
in fresh than saline water at a given light level. Avicennia
grew slightly better in seawater than freshwater, but most
slowly in hypersaline conditions. Rhizophora growth was
little affected by salinity, possibly because the plants were
still drawing heavily on hypocotyl reserves (Ball 1988a, b,
2002). This species’ highest RGR was attained under high
light in freshwater. To better define the shape of the rela-
tionships between growth or physiological performance
and salinity for these species, future experiments should
employ a greater number of salinity levels than the three
used here.

Responses of mangrove seedlings to covarying levels of
light and salinity have been studied in both field and green-
house settings (Ball 2002; Krauss and Allen 2003; Lépez-
Hoffman et al. 2006, 2007). Those investigations focused
exclusively on species that are abundant and widely distrib-
uted, so do not provide tests of the specific hypothesis we
examined. Further, performing a meaningful comparison of
our findings with theirs is a challenging task due to lack of
a common experimental protocol. Nonetheless, that collec-
tion of studies sheds light on patterns of mangrove species
tolerance of variation in those particular physical condi-
tions. Here, we examine two studies that included one or
more of our study species.

Krauss and Allen (2003) measured photosynthetic and
growth responses of two invasive mangrove species in
Hawaii, Rhizophora mangle and Bruguiera sexangula, to
six combinations of light (2 levels) and salinity (3 levels)
in a greenhouse. Propagules were planted into commercial
potting mix and fertilized every 28 days. No plants died
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in any treatment over the course of the study. In general,
growth of Bruguiera was more negatively affected by high
salinity than that of Rhizophora, and Rhizophora showed
an increase in photosynthetic assimilation with rising light
levels, even at high salinity, while Bruguiera’s photosyn-
thetic response plateaued at relatively low light levels, irre-
spective of salinity.

We also found Rhizophora to be relatively insensitive
to variations in light and salinity. Its final height and bio-
mass did not differ across our treatments; RGR appeared
to decline under hypersaline conditions, but the trend was
not significant. Bruguiera’s sensitivity to saline conditions
but tolerance of a range of light levels is similar to what
we observed for Avicennia and Lumnitzera. Both of the lat-
ter species suffered higher rates of mortality under high-
light, high-salinity conditions than did either of Krauss and
Allen’s study species. However, our hypersaline treatment
was essentially twice the salt concentration of their high-
est salinity level, so it is not surprising that we observed
greater mortality.

The study most similar to ours in terms of taxa was
Lépez-Hoffman et al.’s (2006, 2007) greenhouse and field
investigation of salinity and light effects on the photosyn-
thesis, growth, and survival of Avicennia germinans and
Rhizophora mangle. Seedlings used in their greenhouse
experiment were pre-grown from propagules hydroponi-
cally for 3 months in 20 % seawater, prior to being trans-
planted into individual pots containing 1:1 sand and top-
soil. Four light levels and three salinities were tested in a
full factorial design. Experimental salinities were imposed
gradually over a 3-week acclimation period to avoid
osmotic shock. Plants were fertilized monthly, and expe-
rienced a simulated tidal regime. In parallel field experi-
ments, the investigators monitored growth and mortality
of Avicennia and Rhizophora seedlings planted in two tidal
zones that differed markedly in salinity (0-5 vs. 35-70 psu)
at a site on the coast of northwestern Venezuela. Within
each zone, seedlings were planted in twelve plots repre-
senting a gradient of light levels. Avicennia seedlings were
grown for 6 weeks at 20 % seawater prior to being trans-
planted onto the plots, while Rhizophora propagules were
planted directly in the plots.

The responses of Avicennia and Rhizophora to the light
and soil salinity regimes documented by Lépez-Hoffman
et al. differed considerably from those we observed. We
recorded the highest rates of mortality under high-light,
high-salinity conditions, while Lépez-Hoffman et al. found
low light, low salinity to be most lethal to Rhizophora
and low light, high salinity to be most harmful to Avicen-
nia. We found that high-light, high-salinity conditions
also depressed the growth of at least three of our four spe-
cies, whereas Lopez-Hoffman et al. found that Rhizophora
growth was lowest under low-light, low-salinity conditions

and Avicennia growth was poorest under low light—
equally so for plants growing at low or high salinity. They
observed the peak growth of Avicennia and Rhizophora
to occur under high-light, low-salinity conditions, while
we observed maximal growth under low—medium light in
either freshwater or seawater, depending on the species.
Only in the aforementioned case of Rhizophora growing in
freshwater did we observe high-light conditions to possi-
bly enhance growth. We do not have a concrete explana-
tion for these contrasting findings; however, differences in
experimental protocol might have contributed to them. In
our experiment, three of the four species were introduced
to the treatments as early-stage (1-2 week-old) seedlings
and monitored as they matured over the course of the
study, while Lépez-Hoffman et al. initiated most of their
experiments with seedlings that were substantially older:
12-week-old seedlings in the greenhouse and 6-week-old
seedlings in the field. The younger stages we studied may
exhibit quantitatively or qualitatively different responses
to stressors than the older plants used by Lépez-Hoffman
et al. In addition, their plants were fertilized monthly while
ours were not, and their growth measurements were made
over 2- to 4-times-longer time spans than ours. Growth
responses to variation in salinity are known to vary with
nutrient supply (Lin and Sternberg 1992; Feller et al.
2003a, b).

Previous studies have shown that when introduced to a
new locale, species with large native ranges are more likely
to become naturalized in the novel habitat than species with
smaller native geographic ranges, possibly because of the
ability to tolerate a wider range of environmental condi-
tions (Croci et al. 2007; Pemberton and Liu 2009; Shah
et al. 2012). Lumnitzera appears to meet this expectation;
it was arguably the species least affected by the treat-
ments. However, the widespread native species Avicennia
and Rhizophora were only slightly more sensitive to altera-
tions in light and salinity, and they too have proven to be
effective invaders outside their native range. Avicennia ger-
minans has recently spread north through the Texas Gulf
Coast and Florida salt marshes (Stevens et al. 2006; Perry
and Mendelssohn 2009; Cavanaugh et al. 2014), and A.
marina, intentionally introduced from New Zealand to Mis-
sion Bay in San Diego, CA, USA in 1968, became invasive
during the 1970s and again in 2006, despite removal efforts
(Moran 1980; Sauer 1988; Moseman et al. 2008). Rhiz-
ophora mangle was introduced to Hawaii in 1902, where
it is now well established and vigorously expanding its
local distribution (Krauss and Allen 2003; Chimner et al.
2006), as is R. stylosa, which was introduced to two of the
Society Islands of French Polynesia in about 1946 (Taylor
1979; Smith 1996). Several broadly comparative analyses
have detected little or no difference between traits of inva-
sive exotic species and common native species, including
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carbon capture strategy (Leishman et al. 2010; Tecco et al.
2010), growth response to nutrients, and survival in a com-
petitive environment (Dawson et al. 2012).

It has been hypothesized that the patchy geographic
distribution and limited range of Pelliciera are a conse-
quence of its low tolerance of saline soil conditions (Fuchs
1970; Jiménez 1984). This hypothesis originated from the
observation that stands of this species are typically located
near freshwater drainages or brackish lagoons, where soil
salinities are lower than seawater. Such habitats are dis-
tributed patchily along coastlines, hence the restricted
and discontinuous distribution of the species. Fossil pol-
len records indicate that Pelliciera was widely distributed
in the Caribbean region through much of the Tertiary, but
its range began to shrink dramatically in the Early to Mid-
dle Miocene (Graham 1977; Gentry 1982; Jiménez 1984;
Rull 2001). The present-day distribution of the species in
the Caribbean comprises small, isolated populations in
Nicaragua, Panama, and Columbia, located near sources of
freshwater. Larger, but still discontinuous, populations can
be found along the Pacific coast from Costa Rica to Ecua-
dor, generally at sites with relatively high precipitation and
abundant runoff. Several explanations have been proposed
for this large reduction in range and abundance, including
the combined effects of sea-level fluctuations, interspecific
competition with Rhizophora, and the cooler, drier climate
of the late Miocene and Pleistocene. Reduced rainfall,
lower runoff, and associated increases in soil salinity are
hypothesized to have played a primary role in narrowing
and fragmenting the species distribution.

Our experiment showed that Pelliciera seedlings can tol-
erate water salinity levels of 35 psu and, more surprisingly,
can survive in water with salt levels of 60 psu, if growing
in shade. Because the experiment only ran for 12 weeks,
it remains unknown if Pelliciera could survive to adult-
hood or reproduce under high-salinity conditions. Jimé-
nez (1984) observed that Pelliciera did not occur at sites
with >37 psu salinity along the Pacific coast of Costa Rica.
Nevertheless, sites with salinity levels of 35 psu or less are
common along the coasts of Central America. Rhizophora
typically occupies such sites and is widespread throughout
the Neotropics. Therefore, something in addition to suitable
edaphic conditions is contributing to the rarity of Pelliciera.
We found that high light intensity was the most stressful
treatment in terms of Pelliciera survival; in the high-light
treatment, 50 % of the seedlings in freshwater died, and
none survived in either salt treatment. These results have
important consequences for understanding the capability of
Pelliciera to colonize new areas and expand existing popu-
lations. Pelliciera produces a small number of very large
propagules and therefore has weak dispersal ability (Fuchs
1970). This, together with the required combination of low-
light and moderate-salinity conditions, greatly limits the
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potential distribution of Pelliciera. The species is unable
to establish in sites with an open canopy; it recruits most
successfully to shaded understory environments beneath
the canopy of established trees; typically these are mixed
stands of adult conspecifics and Rhizophora growing along
creeks or brackish lagoons (Jiménez 1984; E. Dangremond,
pers. obs.).

Our findings were consistent with the proposition that
widely distributed mangrove species are more stress tol-
erant that those with limited geographic ranges. The rare
endemic Pelliciera is considerably less tolerant of poten-
tially stressful high-salinity and -light conditions than the
three widespread mangrove species we studied, two of
which are native and one of which was introduced to Pel-
liciera’s range. To determine if this is a general pattern
will require additional studies of mangrove stress tolerance
that specifically include species with relatively small geo-
graphic ranges.
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