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MANAGEMENT SUMMARY

Caminada-Moreau Black Mangrove Field Study

Populations of black mangroves in coastal salt hemrsnd barrier islands in Louisiana are
subject to regular hurricane disturbances, the mexsint of which were Hurricanes Katrina/Rita
in 2005 and Hurricanes Gustav/lke in 2008. Theaatp of these hurricanes on population
structure and reproductive output of the black maweg trees on the Caminada-Moreau coast
were monitored from 2005 through 2008, which encasspd both high and low hurricane
disturbance years. Our objectives were to detexrautogenic capacity for recovery, as well as
propagule production rates (either for self regati@n of a damaged parental population, or in
the context of evaluating the potential for humaspdrsal of propagules from one population to
a restoration site).

To accomplish these objectives, we monitored prolgagroduction rates, tree height, and
canopy area of 50 black mangrove trees in a pdpualat the Caminada-Moreau coast near Port
Fourchon, Louisiana. Annual measurements werantake3 ordinal calendar days from
October 15, which is typically when propagulesapproaching their peak maturity on their
parent trees in Louisiana prior to being abscisetidispersed. Propagule production was at a
minimum following Hurricane Katrina in 2005. Avemepropagule production after Hurricane
Katrina (2005) was 131 propagules per square noét@angrove canopy compared to 252
propagules per square meter of mangrove canop§Uf.2Average propagule production per
square meter of mangrove canopy was slightly 2007, due to the observed relatively
greater investment in growth. Average height aatbpy area of trees were greatest in 2007 in
comparison to the previous years. Trade-offs getative growth and reproduction were
evident, with years of high reproductive output@@pbeing followed by years of relatively
greater vegetative growth (2007). Interestingtgividual trees appear to alternate years of high
propagule production with years of low propaguledurction, rather than display a consistent
population-level response. Rates of propaguleymiah are encouraging in the context of both
self-sustainability and expansion of this Camin®ttaeau population, as well as the potential
for this population to serve as a renewable prolgaspurce for human-dispersal of propagules
to targeted restoration areas.

Controlled Greenhouse Studies

There continues to be a need for improved techsifureenhancing successful establishment of
appropriate and high value plant species on basi@nds and coastal salt marshes during
rehabilitation efforts. The black mangrovasicennia germinans), which is unique in the
southern Louisiana coast as a flood- and saltdateree, is one such species that has become
recognized as a critical component of barrier dlsalt marsh restoration efforts. Our ongoing
efforts to develop a black mangrove restorationplate is envisioned to result in better-
informed restoration plans by elucidating importahysiological constraints of seedlings of
different age classes to environmental stressatsatle common to barrier islands. Itis
generally acknowledged that seedlings become notesant of stressors as they mature, but
selecting the youngest seedlings possible thatl@eeto withstand the conditions of a
backbarrier or coastal salt marsh restorationmsdg save both time and financial resources. Our
findings indicate that young seedlings (under the @ 6 months) and older seedlings (12 to 24-
months old) have similar physiological toleranagstressors, including elevated salinity levels,



sand burial, and fluctuating water table (soil ois availability), although some age-class
differences in tolerance were evident as discubsémlv.

Elevated Salinity

This study tested the effect of substrate inteas{jporewater) salinity level (0, 24, 48, 72, and
96 ppt) on the survival, growth, and biomass alioceof two age classes of black mangrove
seedlings (12- and 24-month olds). The lethahggllevel for both age classes of seedlings
tested in this study was 96 ppt. There were shalealinity effects that were evident at 72 ppt,
including leaf loss and negligible growth ratesieTolder age cohort of seedlings (24-months
old) had the greatest total biomass at 48 ppttHauyounger age cohort (12-months old) had the
greatest biomass at 24 ppt. Importantly, the 12timold seedlings were able to alleviate the
initial size advantage of the 24-month olds wheswgr under the 24 ppt salinity level, where
both age classes produced equivalent amounts geabad belowground biomass. As such, we
suggest that high elevation sites that are only irdrequently flooded (and which may become
hypersaline) should generally be avoided in thegtleslevation template for black mangroves.

Sand burial

In this study, we tested the effect of sand byflatm, 5 cm, 10 cm, 15 cm, and 20 cm) on two
age classes of seedlings (6- and 18-month oldisg trRnsportation of sand, as may occur via
aeolian processes due to the high winds often ptesethe coast, or especially as major sand re-
distribution events (including overwash of duneissrvments) during the landfall of tropical
storms and hurricanes, can be an important modglaariable on the survival of coastal
vegetation, particularly recently transplanted tatien at restoration sites.

We determined that sand burial depths greaterttiaheight of the mangrove seedling resulted
in 100% mortality, regardless of the age of thalbeg. In this context, 18-month old seedlings
are able to tolerate approximately 5 cm more buiniaih the 6-months olds based solely on
age/height relationships. Interestingly, modedspths of sand burial (5 cm and 10 cm)
stimulated the growth of 6-month old seedlingshia first 4 weeks post-burial, but did not
stimulate the growth of 18-month old seedlings.ef@ll, seedlings of both age classes are very
tolerant of sand deposition, making them well sufta planting in backbarrier marshes.

Fluctuating Water Table

We assessed the effect of hydrologic regime (bilyefitkctuations, bimonthly fluctuations, or
static) and water-table depth (0 cm, -15 cm, -30-@% cm, and -60 cm) on the growth, biomass
allocation, and photosynthetic response of twodagses of black mangrove seedlings (6- and
18-month olds). Substrate elevation is importardatermining the soil moisture, as well as
influencing the pH, nutrient availability, and redpotential of the site, which may have
significant impacts on the growth and vigor of tlegetation.

Our results indicate that a water-table depth 6fc® under a substrate composed of fine sand is
ideally suited for 6-month old seedlings. Theseditions result in soil moistures that range

from 10-20%. Similarly, optimal water—table defoh 18-month old seedlings is between -15
and -30 cm, where soil moisture ranges from 17-24% 10-20%, respectively. Therefore,

black mangrove seedlings between 6 months and 18hsiof age will both perform well at an
average water-table depth of -30 cm under Louiscamalitions of fine sand and microtidal
hydrologic regime.



FIELD M ONITORING :
TRADEOFFS BETWEEN GROWTH AND REPRODUCTION
FOLLOWING DISTURBANCE IN A SOUTHERN L OUISIANA
BLACK MANGROVE POPULATION

Abstract

Coastal vegetation in Louisiana is subject to feequand often severe disturbances. The strong
tropical storms and hurricanes that impact the siana coast are predicted to increase in
intensity and frequency with global climate changkirricanes immediately alter hydrology
during their passage and can cause extensive phgsimage to the coastal habitat. They can
further modify coastal habitats through sedimeatafirocesses, with large-scale redistribution
of sediments often occurring. A key species otlsein Louisiana’s coastal salt marshes and
barrier islands is the black mangro¥eicennia germinans. This woody species provides

critical habitat, structure, and complexity to tharsh in addition to stabilizing sediment and
slowing erosion. To assess the effect of majoritame impact on the population dynamics of
the Louisiana black mangrove, we began monitofeggrowth and reproductive patterns of a
population at the Caminada-Moreau headland follgwinirricane Katrina, a Category 3 storm
that made landfall on August 29, 2005. In mid @etoof 2005, 2006, and 2007, at the peak of
propagule maturity, we measured the reproductivputfpropagule production), as well as
height and canopy diameter of 50 black mangrovesofing age/size classes, with the goal of
providing managers with a reliable estimate of agerpropagule production per area of
mangrove habitat. Our census of this populati@nspd years of high hurricane disturbance
and years with little or no hurricane activity, teley providing us with an ideal natural
laboratory in which to assess how disturbance maguiate energy allocation to sexual
reproduction (propagule production) versus allasato growth or maintenance/repair costs in
the aftermath of severe disturbance. The yeanwést total propagule production was in 2005,
approximately 45 days after the landfall of Hurne&atrina. Propagule production increased
significantly in 2006 but not in 2007. The averdggght and area of the mangrove leaf canopy
increased slightly in 2006, but the relative magphét of increase was greater in 2007 than in the
previous years. These trends illustrate thah@pbpulation level there is interannual variation
and tradeoffs in growth, maintenance, and repraolié¢ollowing hurricane disturbance.
Regression estimates of propagule production pgarsgneter of mangrove canopy range from
252 propagules thduring relatively mild years (2006) to 131 propiegum? in years of high
hurricane disturbance (2005).



Introduction

Hurricane Disturbance in Louisiana Coastal Salt Marshes

Coastal Louisiana plant communities experience ndigiurbances in the form of tropical
storms and hurricanes on a regular basis due trigoapuisiana’s geographic position at the
northern edge of the Gulf of Mexico. Hurricanesseain Louisiana extends from June 1 to
November 30, with 95% of all intense hurricane\atstifrom August through October when
surface water temperatures in the Gulf of Mexi@iarexcess of 28° C (Landsea 1993). As
levels of greenhouse gasses increase in the atm@shereby trapping more long-wave
radiation, an overall warming trend may lead toramease in the average surface temperature of
the Gulf of Mexico (Webster et al. 2005). Warmfaoe water feeds tropical depressions and
storms, leading to stronger and more intense stof@ngen that the frequency and intensity of
tropical storms and hurricanes may increase irittuge, implications for the adaptation of
coastal plant communities to disturbances are teicer

The co-dominant species of the salt marsh and laakb marsh plant communities of the
southeastern Louisiana coast are smooth corddaesina alterniflora, and black mangrove,
Avicennia germinans. Salt marsh plant communities have historicaéiptippace with rising and
falling sea levels by a self-regulatory procesbalincing optimal growth and marsh surface
elevation increase with decomposition under chapgoenarios of sea level and hydrologic
regime (Nyman et al. 1993; Morris et al. 2002; Mekat al. 2007b). In this sense they are
resilient to gradual, cumulative environmental des However, the community response to
acute, rapid environmental changes such as sedima@stocation, storm surge inundation, and
wind damage may be slow and unpredictable, duegd¢terogeneity of the landscape and the
disturbance (Carlton and Bazzaz 1998). Thougmé#tere of community disturbance varies, the
way in which species respond to disturbance in$asfradjustments in the relative allocation of
energy to growth, reproduction, and maintenance Ineayniversal (Diaz et al. 2004).

Black Mangrove Botany

In Louisiana, black mangroves are of particulagiiest in the context of restoring the structure
and function of the degraded coastal salt marshearrier islands. The complex root system
of the black mangrove is comprised by cable rontsreegatively gravitropic pneumatophores
that extend out of the sediment (Tomlinson 198&)eumatophores have specialized structures
known as lenticels that serve to provide the rgetesn with additional oxygen needed for
respiration and are an adaptation to anoxic seititmns. The density of pneumatophores is
positively correlated with the rate of sedimentration; thus, black mangroves can be
considered “ecosystem engineers” (Furukawa and Wgkiad 996; Wright and Jones 2004.) An
ecosystem engineer is a species capable of mogifigmlocal habitat and driving the secondary
succession of the community. Mangrove roots preducoxidized rhizosphere in which the
aeration of sediment around the roots raises thexrpotential and lowers sulfide concentration
of the soil (McKee et al. 1988; Patterson and Mésstdin 1991). In addition to driving
sediment dynamics and edaphic characteristicsk Iol@mgroves provide critical habitat for
myriad avian and invertebrate fauna (Robertsonluice 1987; Caudill 2005). The woody
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structure is favored by brown pelicans for buildimests because the nests are elevated above
high tide inundation (Visser et al. 2005).

Unlike black mangroves in the tropics that can hdagights of 30 meters (Tomlinson 1986),
Louisiana black mangroves are shorter in statuderarely grow taller than 2 meters due to
freeze-intolerance (McMillan and Sherrod 1986; étatin et al. 1997). Due to this temperature
constraint, Louisiana’s southernmost islands arss$t@d salt marshes represent the current
northernmost latitudinal extent of their rangeadd mangroves have been documented in
Louisiana since the 1930’s (Penfound and Hatha@8g)L As this ecotype is at the northern
limit of its range, these black mangroves may beentold-tolerant than other tropical ecotypes
(McMillan and Sherrod 1986). Although extreme,lpnged cold events resulted in mortality of
aboveground black mangrove tissue they have thigyabiresprout (coppice) from the base of
the tree (Patterson and Mendelssohn 1991).

Black mangroves have a unique life history stratibgy facilitates rapid establishment.
Specifically, following pollination and fertilizadn, black mangroves produce propagules that
germinate on the parent tree. This strategy femiht from the seeds that most plants produce
that have an obligate dormant period (Farnswor@020Live germination in the black
mangrove is technically referred to as cryptoviwpsince these propagules have a thin,
protective layer enclosing them (pericarp), whidfedentiates them from truly viviparous
species like the red mangrowhizophora mangle (Tomlinson 1986; Saenger 2002). When the
propagules are abscised from the parent tree irtarlate October, the peak of propagule
maturation in Louisiana, they may be transportetidss to a suitable substrate where they may
strand and establish. Propagules can remain bubyaextended periods of time, resulting in
the potential for significant dispersal distandeal§inowitz 1978a).

Growth, Reproduction, and Maintenance

The reproductive effort of a plant can be explaimetérms of the amount of energy allocated to
reproductive structures and seeds, or propagulédeinase oAvicennia germinans (Reekie and
Bazzaz 1987a). Photosynthetic yield can be pamgtil to the major processes of a plant’s life
cycle, which are growth, reproduction, and mainteea A substantial investment in
reproduction results in a comparatively lesserlle¥@vestment in growth or maintenance. The
converse is also true for the other processesra play undergo vegetative growth at the
expense of reproductive effort (Reekie and Baz2&87a and 1987b; Diaz et al. 2004).
Tradeoffs such as this can occur in different waysh as in stress-tolerating plants that
typically have slow growth rates because they rallgtate energy to the production of chemical
compounds to ameliorate internal water potentialn(® 1977). Following a major disturbance
where plants sustain physical damage, such asial&al photosynthate will be allocated to the
repair or maintenance of vegetative tissue at xpemse of reproductive structures (Anten et al.
2003).

Our goals were to assess the relative energy ailboctp growth, reproduction and maintenance,
in addition to quantifying the reproductive outjpetr square meter of mangrove canopy.
Estimates of annual propagule production that geans of either high or low hurricane
disturbance may provide managers with useful estéisnaf reproductive potential that may be
utilized in estimates of potential population sushility and expansion, or in regards to the
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potential for harvesting propagules as a renewaseurce from a well-established population
for human-dispersal to restoration areas, suclvastal and backbarrier salt marshes.

Site Description and Methods

Ste Description

Our study site was located in the Caminada-Moresdland, where a persistent population of
black mangroves is associated w#artina alterniflora salt marsh on the southeastern
Louisiana coast at 29°6'22"N, 90°10'59”W (Pattersand Mendelssohn 1991; Patterson .et al
1997). The Caminada-Moreau headland is part oL#tfieurche delta complex, an ancestral
Mississippi delta lobe that was abandoned by thesidsippi River approximately 400 years ago
(Boyd and Penland 1988). This headland is a safrsediment nourishment for the Isles
Dernieres, the flanking barrier islands of thist@elomplex (Coleman et al. 1998). The
Lafourche delta lobe is experiencing some of tiyhést rates of erosion of the Louisiana coast
with the beach and backbarrier marsh reported &rbding at a rate of 33 meters per year,
making it one of the most vulnerable places orLihisiana coast to land loss and the effects of
sea-level rise (McBride and Byrnes 1997; Day e2@05).

The vegetation in this region is typical of the hmastern Louisiana coast (Hester et al. 2005)
and includes coastal plant species such as bead@reton punctatum), beach morning glory
(Ipomoea pes-caprae), and seashore paspaluRegpalum vaginatum) in the beach and dunes,
and marshhay cordgrasSpértina patens), seaside golden ro&dlidago sempervirens) in the

rear dune and swale. The high marsh is approxiypn2@® meters inland from the beach; it is
interspersed with halophyteSa{icornia spp.), black mangrovesyicennia germinans), and
saltgrassistichlis spicata), which thengrades into a black mangrove/smooth cordgrass
(Spartina alterniflora) association, followed by mostly monospecific s&nflsmooth cordgrass
in the low marsh. Bay Champagne forms the eastemher of the population. The most recent
prolonged cold-weather event occurred in 1989, whiee temperature recorded a weather
station on Grand Isle, Louisiana recorded tempegathelow 0° for 72 consecutive hours
(Station GDIL1, NOAA National Data Buoy Center 2007

Methods

We identified and tagged 50 trees in this poputatiat were randomly selected from a pool of
representative trees in a manner that adequatelggented the range of sizes and ages of
mangroves present, spanning from young seedlingsder, more mature mangroves. The
initial tree sample selection took place in mid @bar, 2005, following the landfalls of both
Hurricane Katrina and Hurricane Rita.

We measured the maximum height of each tree frenb#se of the trunk to the top of the tallest
branch. The average diameter of the canopy wasursé by measuring the widest chord of the
canopy crown (approximately the middle of the can@mnd then taking another diameter
measurement perpendicular to the first.



A complete census of each tree’s propagule proaluetas conducted, regardless of the size or
apparent maturity of the propagule. Propagulestad already been abscised from the parent
tree and were lying on the ground were not counfedubset of propagules (10% of total
propagule count) was randomly collected from eaeh to ascertain length, width, weight, and
percent moisture of the propagules. Maximum prafgtength and width were measured with
digital calipers to the nearest millimeter aftemigetransported back to the lab. Propagule dry
mass was determined after propagules had beenatr&sf C to a constant weight.

At each tree sampled, we also surveyed the elevafithe sediment surface near the base of the
trunk (relative to a permanent benchmark) and ctatbsoil samples to a depth of 15 cm to
determine pH, salinity and percent organic matt€y.

A repeated-measures ANOVA was conducted to testifmificant differences among years in
height, area, and propagule production. To meeagsumptions of parametric analysis, data
points greater than 2 standard deviations frommthan were eliminated from the dataset as
outliers.

Results

Total average propagule production per black margtee was significantly lower in the first
census post-Katrina (October 2005) than in all sgbsnt years (F = 11.901, p = 0.001), (Figure
1.1). Further, the mangroves in 2005 were sigaifity shorter in height and smaller in area than
in subsequent years of 2006 and 2007 (F = 16.300&1; F = 23.093, p < 0.001, respectively).
Because our first sampling (2005) was in the afegof Hurricane Katrina and represents a
post-disturbance baseline assessment, we caneotlgdiassess the magnitude of damage
directly inflicted to the trees from the hurricandonetheless, based on subsequent years’ data
(as discussed, see below), it appears that high wetocities associated with Hurricane Katrina
caused damage to the crowns of the trees and apggules that were maturing at the time of
the hurricane.

Propagule production more than doubled in the falg year (2006 census; Figure 1.1). Both
tree height and canopy area also increased relatitree 2005 census; in the case of canopy area,
this increase was significant (F = 7.639, p = 0;@08ures 1.2 and 1.3). In the 2007 census,
propagule production did not significantly increaset both mangrove height and canopy area
were significantly greater than both the previoaarg (F = 10.649, p = 0.002; F = 23.093, p <
0.001, respectively).

The average size of propagules varied interannfralhg 2005 to 2007, although not
significantly. Propagules were smallest in 200&tidength and width were smallest recorded),
whereas propagules tended to be longer in 2006vadet in 2007 (Figure 1.4). Mean propagule
dry mass was greatest in 2006 (0.949 g + 0.056}l e8aphic factors (pH, salinity, and percent
organic matter) and elevation were not significadifferent between these years.

Propagule production per tree varied interannualgrall, as well as by individual tree over

time. Importantly, the highest production treegsendifferent each year (Table 1.1); trees that

displayed high reproductive output one year gehedaplayed a much weaker reproductive

output the following year. Similarly, there wenelyptwo trees that consistently did not produce
7



any propagules in consecutive years. This indsctitat trees balance years of high reproductive
output with years of lower reproductive output (kig 1.5).

Propagule production per tree remained highly ¢ated with individual tree canopy area across
years with larger tree canopy areas producing greatmbers of propagules (Figure 1.6). At the
level of the population, propagule production espesl per area of mangrove canopy was
greatest in 2006 (mean of 214 propagul&ahmangrove canopy) compared to 2005 (mean of
147 propagules i) and 2007 (mean of 163 propaguled)m

300 ~
250 +
200 -
150 -

100 -

Propagules per Tree

50 +

0

2005 2006 2007

Figure 1.1 Propagule production per individual mangrove {fmean + 1 SE). Means with the
same letter are not significantly different.

1.15 b

Tree Height (m)

2005 2006 2007

Figure 1.2 Mangrove tree height (mean £ 1 SE). Note thatottom of the y-axis is truncated
to more clearly illustrate the change in heightrahe years. Means with the same letter are not
significantly different.
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Tree Canopy Area (n‘?)

2005 2006 2007

Figure 1.3 Area of individual mangrove tree canopies (mednSE) over time.
Means with the same letter are not significantffedent.
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Figure 1.4 Length and width of propagules produced oveetimean + 1 SE). Means with the
same letter (within a morphometric measure) aresiguiificantly different.



Table 1.1 Annual maximum (top row) and minimum (0) proplegoroduction rates per tree
over time showing individual tree tag numbers asdged with those values.

2005 2006 2007
Tree # 61 (1015) 26 (1968) 25 (1528)
(propagules
produced)

Tree #s withno 27,33, 31,51,54, 44, 54, 66,
propagules 43, 48, 56 55, 56, 63 67

—O—2005-2006
—&—2006-2007

2000.00 +

1500.00 +

1000.00 -

-500.00 -

-1000.00 -

Annual Difference in Propagule Production

-1500.00 -

-2000.00 -
Tree ID (ranked by height)

Figure 1.5 Change in magnitude of propagule productionojvidual tree, ranked from left to
right by order of increasing height.
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Figure 1.6. Propagule production per individual mangrove tanopy area in 2005, 2006, and
2007 with correlation coefficients, where the numifepropagules produced per square meter of
mangrove canopy was estimated to be 131 in 20@5i28006, and 185 in 2007.

Discussion

The distribution and community structure of Lourgeblack mangroves may be strongly
influenced by the supply-side ecology, or the nundfgropagules able to arrive and establish at
a site, with successful establishment and exparmorg modulated by abiotic factors and biotic
interactions (Lewin 1986; Sousa et al. 2007). Usidading the supply-side ecology of a
species at its northernmost latitudinal limit inrdoAmerica can provide valuable insight into

the observed distribution of black mangrove. Intimern Australian estuaries, surveys reveal
that mangroves are more sparsely populated thare syal environmental conditions would
explain; the rationale for the observed distribaiti® due to insufficient propagule supply and
dispersal constraints (Wells 1996; Bunt 1996; B8B8; Clarke et al. 2001). Based on our study
of the population at the Caminada-Moreau headlprapagules do not appear to be limiting,
although the long-distance dispersal of propagslesnstrained to the extent that the tidal
creeks, bays, and inlets traverse this regionlohsarsh. Within these dispersal limitations,
abiotic factors such as temperature and physieiggmt the coast, constrain the areas of
potential black mangrove recruitment and colon@atiNonetheless, the population at the
Caminada-Moreau headland presently has been exparidised on the number of young
seedlings we observed over the years and the riecdnof prolonged cold-weather events.
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Hurricane disturbance results in low reproductivépat relative to years of normal disturbance.
The implication of this is that decreased reprodeabutput can result in fewer new seedlings
establishing that year. Such was the case inddan 2004, when Hurricane Charley caused a
reduction in propagule production and new seediaguitment in a population of red
mangroves (Proffit et al. 2006). The impact of Hane Katrina in 2005 on the population at
Caminada-Moreau resulted in many fewer mature gtulevpropagules that fall, but in the next
year following the hurricane (2006), average prapagroduction per tree more than doubled.
The range of estimates of propagule productionromdividual level (per tree) and at the
population level (per area mangrove canopy) maydedul for managers who wish to restore
black mangroves and quantify the potential cropropagules based on aerial photography.
Restoration of mangrove forests around the workiHistorically been limited in scope and
success by the prohibitive cost and effort of usiogtainerized seedlings (Ablaza-Baluyut 1995;
Sanyal 1998). The judicious use of propaguledaneof, or in conjunction with, seedlings is a
restoration technique that has not yet been opgichiz

Propagule size was smallest following the 2005ibane disturbance. Generally speaking,
larger propagules are more mature and are beli@viee more viable than smaller propagules
(Rabinowitz 1978a). Smaller propagules may notehes/many carbohydrate reserves or may
take longer to establish, expending more energy ihaeing acquired by photosynthesis
(Rabinowitz 1978a), although this may not alwayspparent, or a constraint, in a given year
(Gary Fine, pers.com). Propagules with extenddigate stranding times may be at a
disadvantage in a high-energy system becausesdiitiah can dislodge propagules before they
have had a time to take hold in the sediment (Feortk 2000; Clarke et al. 2001). Since the
2005 propagules were smaller in size and weighegitlean propagules in 2006 and 2007, one
inference is that viability may be lower in higtstlirbance years, and as such, natural
regeneration may be severely limited that year.

At the population level, trade-offs in the totakegy allocation to growth, reproduction and
maintenance are evident. Although we do not hagehprricane measurements to compare with
the post-Katrina measurements, the 2005 propagatiuption appeared to be affected by the
hurricane as evidenced by our data. It is likbbttmany propagules were physically dislodged
from trees in late August 2005, and those that idereasure were either those that remained
intact or the result of a post-Katrina reproduce¥rt. Regardless, the overall mangrove
response to the disturbance in 2005 at the typiio@ of peak propagule maturation was to not
produce a large number of propagules. In thevioilg year (2006), propagule production
doubled, and height and area of the mangrovesaseckeonly slightly relative to 2005. Based on
the magnitude of increase in reproductive outplattike to the increase in size, plants appeared
to allocate considerably more resources to progagrdduction than to vegetative growth. In
2007, although propagule production was not sigaiftly different than 2006, height and area
both increased significantly, indicating that tkeétive energy allocation to vegetative growth
was greater than that allocated to reproductivpudutPatterns of energy allocation at the
population level do, indeed, vary interannually apgear to reflect responses to the intensity
and timing of acute disturbance superimposed upoosaic of moderately-dynamic abiotic
fluctuations.
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Interestingly, at the level of the individual, tesdfs in the amount of energy allocated to
reproduction by year were often evident as annseillations. In these cases, if an individual
tree produced a large number of propagules one ygmoduced a smaller number of
propagules in the next year. The difference inmitage of propagule production per individual
tree varied (oscillated) in nearly equal and opgeadirections; for example, the increase in
propagule production in 2006 was essentially edentao the decrease in propagule production
in 2007 and was most evident in the larger trées important to note that this response is
different than synchronized masting often reposdted regional level during relatively stable
periods of resource supply and utilization (Rickl&B97). In this study, we have observed that
responses of individual black mangrove trees dysalpropensity for alternating the amount
energy allocation to reproduction between yearschvimay be further modulated by the amount
of damaged sustained during periods of intenseriahce. We anticipate that continued
monitoring of this population over time will elueite whether the trade-offs in energy allocation
have a definite periodicity or are more driven bpychastic disturbance processes.
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CONTROLLED GREENHOUSE EXPERIMENTS :
EFFECTS OF ELEVATED SALINITY LEVEL,
SAND BURIAL AND FLUCTUATING WATER TABLE
ON YOUNG AGE CLASSES OFBLACK MANGROVE SEEDLINGS

Abstract

Louisiana’s barrier islands provide myriad ecosysgervices that include storm surge
protection, wave attenuation, habitat complexitgdiversity, and productive fisheries.
Backbarrier marsh degradation and coastal erosiold @reatly diminish these ecosystem
services. To ameliorate these losses, vegetatbdization is employed as a crucial component
in barrier island restoration. Once successfudhalklished, dune and backbarrier marsh plant
species can act as autogenic ecosystem engintgenslasing positive feedbacks in sediment
accretion and land building. One native backbaarel coastal salt marsh species of
Louisiana’s barrier islands is the black mangrod@dennia germinans (L.) L.). Restoring black
mangrove plant communities can be costly and latiensive when traditional containerized
seedlings are utilized. We suggest that black maegpropagules may be effectively utilized in
conjunction with transplanted seedlings if potdrdifferences in physiological tolerances
between propagules and seedlings can be elucigatedard to environmental stressors that
may limit plant establishment, growth, and vigorkaarier island restoration projects. These
stressors include elevated salinity levels, samdbwand fluctuating water tables. We
determined the effects of these stressors on thetlyr photosynthetic response, and biomass
allocation of in a series of manipulative greentgesperiments in which two different age
classes of black mangroves were evaluated. Depgioai the experiment, either newly
established propagules (6 months old) and 18-maldtseedlings were compared or 12-month
old and 24-month seedlings compared

Twenty-four month old seedlings had a slightly laghkalinity tolerance than 12-month old
seedlings, evidenced by the greatest total biomeasring at 48 ppt for the older age class, as
compared to 24 ppt for the younger age class. | badenass was not significantly different
between 12- and 24-month old seedlings at 24 gptekier, the 24-month old seedlings had
significantly greater biomass than the 12-montfs ahdall other salinity levels (0, 48, 72, and 96
ppt). Mortality occurred at salinity levels of §érts per thousand (ppt) in both age classes of
seedlings after two weeks. There were sub-letilality effects on growth rate and leaf
abscission that were evident at 72 ppt. A simjlargh level of tolerance to sand burial occurred
in both age classes. Moderate levels of burigb (50 cm) stimulated growth in the initial 3
weeks post-burial. Mortality occurred only if samarial depth completely covered a plant’s
photosynthetically active tissue, and because 1@tmold seedlings were taller on average than
6-month old seedlings, they displayed greater sarghip A fluctuating and static water table
experiment was conducted to further elucidate fiteral hydrologic conditions for
establishment of black mangrove seedlings. Marggseedlings planted at a water-table depth
of -45 to -60 cm from the substrate surface hadast growth rates and lower total leaf area
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than those seedlings planted either at a watee-tidth of -30 cm, -15 cm, or O cm (i.e., water
table at the substrate surface). Maximum root bssrproduction in the upper 15 cm of the soil
profile was associated with a mean soil moisturgsei 7%, which occurred at water-table
depths of -15 and -30 cm. Overall, our resultscaig that relatively young seedlings (6-months
to 18-months old) do not have ecologically sigrmifidy differences in physiological tolerances
to key environmental stressors on barrier islandtk, the exception of response to sand burial
where survival appears directly correlated witmplaeight. Therefore, seedlings of different
age/size classes can be utilized effectively thinoudja black mangrove restoration template
design. However, if high marsh sites are in clasximity to unstabilized sediment, then larger
seedlings may be better able to tolerate eithedilown burial, or burial from overwash
events.
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Introduction

Land loss in Louisiana is a result of both natarad anthropogenic factors. Extensive
manipulation of the floodplain via levees and car@mbined with saline intrusion and an
overall reduction in the sediment load and watediuof the Mississippi River are the
contributing factors to the state of Louisiana’dlaeds (Turner and Rabalais 1991; Day et al.
2005; Day et al. 2007; Swarzenski et al. 2008)uisiana’s barrier islands are, in essence, the
first line of defense against storm surge and vemexgy for the coastline and inland marshes
(Lopez et al. 2007). Though small in total aresrilr islands have a disproportionately large
influence in the development and protection of clexgstuarine ecosystems. Barrier islands
directly support Louisiana’s productive fisherieglail and gas industry that are valued at
billions of dollars (Day et al. 2005). The roletbése islands in dissipating wave and storm
surge energy has been demonstrated by Stone(20@%). Models show a strong inverse
correlation between intact barrier island land meas$the height and intensity of waves on back
barrier marshes (Stone and McBride 1998). If there physical barrier to mitigate incoming
storm wave energy from a storm, this force is iteithigted farther inland to a greater area of
marsh. Further, recent rates of coastal erosionh@ magnitude of 1 meter per year) can be
partially attributed to increased tidal influenagedo decreased barrier island land integrity
(Watzke 2004). The total area of barrier islarsdgirectly proportional to the amount of
protection it provides; larger land masses offeatgr protection from storms than smaller ones
(Constanza et a2006).

Though total land mass of Louisiana’s barrier id&is relatively small, the degree to which they
influence habitat complexity along landward marskesgnificant (Hester et al. 2005). Barrier
islands buffer the force of wind and water to laadivmarshes, resulting in a gradient of
wetland habitat types that are both highly prodigceind biodiverse (Hester et al. 2005). Dune
vegetation on these islands trap and bind sanckliienaintaining the dune features, which
make storm overwash and island breaching lesg/lk@éndelssohn et al. 1991). Hester et al.
(2005) described the positive relationship betwiberplant cover or biomass on a dune and the
rate of sand accumulation in that system. Healtines contribute to stable backbarrier marsh
development through physical protection. Therefeegetative stabilization of both dune and
marsh communities is important in barrier islanstoeation projects (Mendelssohn et al. 1991).
Physically planting marsh species in areas devbudgetation increases the longevity of the
marsh because successfully-established plantsaketpte sediment, which maintains the marsh
elevation above the mean sea level (Cahoon ef@k)2 Black mangroves are a highly desirable
species for the vegetative stabilization of Lownsia sediment-starved, ephemeral island system
due to their capacity to accumulate organic maitber keep pace with sea level rise (McKee et
al. 2007).

The dynamic environmental conditions present adoasser island habitat types exert strong
influence on which species can establish. Baislands are a harsh environment with multiple
stressors present along the gradient of ecotoresept (Hester et al. 2005). These range from
drought stress, sand burial, and wind abrasiorsatidpray on the beach and dunes to elevated
low soil organic matter, nutrient limitation, aniéeated salinities in the swale and backbarrier
marsh (Burdick and Mendelssohn 1987; Chen and &wilP98; Hester et al. 2005; Wang and
Horwitz 2007). Successful plant species colonmatequires dispersal to favorable sites (or
microsites) that are within the physiological taleces of the species (van der Valk 1981; Rand
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2000). Although dispersal is a prerequisite far ¢istablishment and spread of a new population,
these founders must establish and persist atieatritensity for the population to be self-
sustaining (Sousa et al. 200 Bstablishing and restoring black mangroves on éaislands in
Louisiana has the potential to increase the lorigewid sustainability of the islands via sediment
trapping and contributing organic matter to soilding processes; once black mangroves are
well-established, they have the potential to predand trap propagules and continue to expand
(Lewis 2005). The root system of the black mangrisva combination of lateral adventitious
roots and belowground cable roots from which abowmexgd pneumatophores extend. Rates of
sediment accretion increase in proportion to thesit of this aerial adventitious root system
(Young and Harvey 1996).

Life history stage can have a profound effect opspilogical tolerance of plants. Generally,
young seedlings have a narrower range of tolerahegsdo mature plants (Lambers et al.
1998). Most mangrove species are viviparous;ithdhey produce seeds that bypass obligate
dormancy and germinate while still attached togaeent tree (Farnsworth 2000). Black
mangroves are cryptoviviparous as their cotyledorshypocotyl are enclosed in a protective
layer called a pericarp, which is in contrast tdytiviviparous species such as the red mangrove,
Rhizophora mangle. Black mangrove propagules in Louisiana typicatlgture from early
October through November when they are abscised fih@ parent tree, after which they may be
dispersed by tidal action. The postulated advantaghis mode of reproduction is that the
propagule, once abscised from the parent tree, nimtdsave the additional stage of breaking
dormancy after stranding on suitable substratei(f®abtz 1978a; Farnsworth 2000).

Typically, restoration is performed with contairzed seedlings that can be costly and labor-
intensive to deploy. We suggest that restoratimtass may best be enhanced through the
synergistic approach of planting seedlings in tloearstressful areas, followed by human
dispersal of propagules throughout areas whererttagystrand at high tide. In Louisiana, we
suggest that establishiigpartina alterniflora in association wittvicennia germinans will

greatly assist in propagule stranding and retentitinin the restoration template. An additional
benefit of this type of establishment approachaefgpecies at the northern limit of its range is
that the probability of loss of vegetated habita¢ tb weather extremes may be at least partially
offset by reduced costs of establishment.

Black mangroves are facultative halophytes, aneédas their natural zonation apparently have
an intermediate flood tolerance (Mitsch and Gosgeli000). Typical neotropical mangrove
zonation begins at the land-sea interface withnmadgrove Rhizophora mangle, followed by

black mangroveAvicennia germinans, and finally and farthest upland, white mangrove,
Lagunculariaracemosa. However, black mangroves are the most cold dokeof the

neotropical mangroves and they are the only sp@cessent in Louisiana at this time. Extreme
cold events defined as temperatures below fredamnignore than 24 hours will result in
mortality, though black mangroves have the abibtyesprout from the base of their stems
(McMillan and Sherrod 1986; Patterson and Mendéissk®91).

Another key environmental stressor on backbarriagrsimes is salinity. Elevated salinity levels

can occur in salt pans on barrier islands duefteguent overwash events or astronomical tides

(Mitsch and Gosselink 2000). In these hypersalimas, only halophytic plant species can exist,
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such as|alicornia spp. (Bertness 1991). Salt glands on black mangroaeele extrude any salt
that is not actively excluded by the roots, makimgm the most salt tolerant of the new world
mangroves (Patterson and Mendelssohn 1991; Sa2d@2y. Although this information is
useful in interpreting patterns of zonation, thieetf of elevated salinity levels on propagule
establishment in previously unvegetated areaskaamn.

The geomorphology of the barrier islands is in tamisflux because they receive the full force
of wave and storm energy. Barrier islands arecslbji positioned in relatively high-energy
environments, where waves constantly rework sediaet storm events can translocate
sediment by scouring and redeposition of matefTdle effect that sediment deposition has on a
plant depends on both the type of material (i.@tige grain size and organic matter) and the
rate at which it is deposited. Sand burial is ewebly less smothering than other types of
burial because the large patrticle size allows éone degree of aeration. Burial by silts and clays
as from river overbank flooding is potentially matevastating to plants (Millar et al. 1965;
Maun 1998; Ellison 1998). Ecologically speakingglisnent deposition is a normal process in
healthy wetlands and is associated with positifeces on plant growth and maintaining marsh
surface elevation, whereas rapid burial, as mapé&apluring a severe disturbance event, is
completely different. Several studies of rapidiseshtation in mangrove forests around the
world found that sediment burial is lethal for memges if the depth of burial exceeds the height
of the specialized adventitious root structuregpreegumatophores (Gordon 1988; Ramcharan
1997; Waisel 1997). The lethal burial depth fouyg seedlings is less clear, but because they
may have a lower tolerance to stressors earlyaim timtogeny (Lambers et al. 1998), they may
be less stress tolerant in general and not haveatfiwhydrate reserves that are required to
survive a burial event.

The hydrology of a particular site, which has styamfluence on soil salinity, moisture, redox
potential, and nutrient dynamics, is intimatelytte site elevations. Crewz and Lewis (1991)
discovered that the most important determinanidal marsh restoration was the use of tidal
datums to determine the elevation at which to caostidal platforms for revegetation with
mangroves and sea grasses. Mangroves often castabtish in lower intertidal areas because
of high wave energies (Nettel and Dodd 2007), waerthe highest suitable elevations at which
they can establish is influenced by site-spectfiaracteristics, particularly edaphic
characteristics such as soil texture and gram, simd soil salinity levels. Thus, elevation
gradients are an important consideration in restoralesign because of their influence on the
hydrologic regime (Lewis 2005). The effect of wateble depth or extended periods of high or
low water levels due to meteorological events @ngtowth and vigor of black mangroves has
not been investigated.

The overall objectives of the suite of experimgiresented herein is to determine black
mangrove growth, photosynthetic, and biomass dilmtaiesponses of young age classes of
seedlings to environmental stressors often encoeshia Louisiana backbarrier marsh
restorations. These stressors include elevatedtgadévels, sand burial, water table depth, and
water-table fluctuations as may be influenced byemmlogical events. We determined the
effects of these stressors via manipulative greesdexperiments.
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Materials and Methods

To elucidate potential differences in the physiatagtolerances of different age classes of
young black mangrove seedlings to environmentabksbrs, we designed a series of controlled
greenhouse experiments. These experiments wedeictaa at the Center for Ecology and
Environmental Technology (CEET) in Lafayette, Loais from September 2007 — August
2008. The black mangroves used in the experimeng wollected from a population at the
Caminada-Moreau headland along the southeastelisiana coast (the same population
monitored in the field study; see first researchpthr) and raised in the greenhouse.

Three studies were conducted over a 12-month pefibe first study was designed to test the
salinity tolerance of 12-month old seedlings aneh#&hth old seedlings, and was conducted
during the fall of 2007. The second study, desigioetest the response of 6-month old and 18-
month old seedlings to sand burial, and was cordugtiring spring of 2008. The final
greenhouse study, designed to test the effectiofuaiting and static water tables on 6-month old
and 18-month old seedlings, began in April 2008 esrttinued through the end of August 2008.

All seedlings utilized in these studies were redrech propagules collected from the black
mangrove population located on the Caminada-Moheadlland, near Port Fourchon, Louisiana.
Collection of propagules occurred in late fall otlb 2006 and 2007. Propagules were
established at the CEET research center and growhetdesired age classes under greenhouse
conditions.

Elevated Salinity Levels

The goal of this study was to test the effect ef7ated salinity levels on 12-month and 24-month
old seedling growth and survival. Target salimgyel treatments were: O ppt (control), 24 ppt,
48 ppt, 72 ppt, and 96 ppt and were obtained usisgnthetic sea salt (Instant Ocean). This
experiment was established as a randomized blatérfal design as follows: 2 age classes x 5
salinity levels with 5 blocks (i.e., replicatesielging 50 experimental units. Each seedling was
planted in a four-liter horticultural pot filled i fine sand and placed in a 15-liter reservoir
filled with water (at a given salinity level) thegmained at a constant level of 10 centimeters
below the surface of the soil.

Since seedlings had been grown under non-salingitgams, step-wise increases in salinity
levels were necessary to reach the targeted ydiviels (except for the O ppt controls). Salinity
levels were increased in weekly increments of 1t2upgil the specified target salinity levels
were reached. When increasing salinity levelsnthe salt solution was flushed through the
sand in the pots several times, and then flush&édavi0% Hoagland’s nutrient solution at the
target salinity level, which was also used totfik reservoir. In this way, the salinity effects w
observed were due to chronic, increasing exposusalt concentrations. Due to this method of
increasing salinity, seedlings at 24 ppt remairtead @nstant salinity level for the duration of the
experiment (8 weeks), seedlings at 48 ppt werkiasalinity for 6 weeks, seedlings at 72 ppt
treatment were at this salinity for 4 weeks, areblings at 96 ppt treatment were at this salinity
for 3 weeks (note that the 96 ppt treatment wageael as a single 24 ppt increment from the 72
ppt treatment).

19



The salinity of each pot was checked biweekly waitalinity/conductivity meter and salinity
adjusted accordingly. Height, diameter, and leahber were recorded weekly. The experiment
continued until each unit was at its target satiraind was terminated when seven of the ten
plants at the highest salinity level (96 ppt) diéd.this time, we harvested above- and
belowground biomass, with aboveground biomasstjmaréid into live and dead components.
The effects of age and salinity level were analyeédd a RBD ANOVA, whereas differences in
growth rates were analyzed with a repeated meaRBBEsANOVA. All data analyses were
performed using SYSTAT 11.0 (SPSS, Inc. 2000).

Sand Burial

This study assessed the tolerance of 6-month aldl8mmonth old seedlings to sand burial of
various depths. The treatment levels were: 0 @antfol), +5 cm, +10 cm, +15 cm, and +20 cm
of sand burial. This experiment was establishea i@ndomized block factorial design as
follows: 2 age classes x 5 burial depths with Tkdo(i.e., replicates), yielding 50 experimental
units. The plants were planted in Atchafalaya Rsand (97.33% fine sand), which is similar in
composition to Caminada-Moreau sand (97.80% finelsaPVC pipe (15-cm diameter) was cut
to a height of 60 cm, fitted with a PVC drain grafi¢h silt screen to allow water exchange, and
filled with Atchafalaya river sand. The PVC messts were placed inside 18-L buckets filled
with fresh water that was maintained at a wateletab-20 cm below the surface of the sand.
Twenty-five 6-month old and twenty-five 18-montld @eedlings were transplanted into the
PVC mesocosms and allowed to recover from potemtiakplant shock for two weeks. PVC
couplings, which served as extensions, were plaogtie 15-cm diameter PVC to allow for the
sand addition. These couplings were cut to madtetvarious burial depth treatments, such that
the total burial depth ranged from 0 to 20 cm aofdsthat was rapidly deposited on the sand
surface of the mesocosms, each with a water taidéigned at -20 cm relative to the pre-burial
sand surface.

Weekly measurements of black mangrove height antbeu of leaves were monitored. For
treatments in which sand deposition completelydilithe plants, time to re-emergence was also
recorded. After two months, the experiment wasteated with the harvesting of above- and
belowground biomass. Biomass data was analyzddasWIANOVA and growth rates were
analyzed with a repeated-measures RBD ANOVA toftesdignificant differences between the
effects of age and sand burial and their interaatising SYSTATL1.0(SPSS, Inc. 2000).

Fluctuating Water Table

In this study, we determined the effect of varisuzder-table depths and hydrologic regimes on
growth and survival of 6-month and 18-month olddéiegs. The hydrologic regimes were the
following: static, fluctuating biweekly, and fluating bimonthly. The water-table depths were
0 cm, -15 cm, -30 cm, -45 cm, and -60 cm from testrate surface. This experiment was a
randomized block factorial design as follows: 2 algesses x 3 hydrologic regimes x 5 heights
above the water table, with 5 blocks (i.e., repésy yielding 150 experimental units. The
planting mesocosms were constructed of PVC pipglesf 45-cm diameter, but of different total
heights to achieve the desired water-table depttrtrents. If an experimental unit was assigned
to a fluctuating hydrologic regime, the mesocosrs veased and lowered -15 cm below and +15
cm on either a biweekly or bimonthly basis such itsasubstrate surface moved these distances
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from its assigned water-table depth treatmenteittmer case of fluctuating hydrologic regime,
mesocosms moved a total range of 30 cm; movemenatyalin the order of down 15 cm, then to
the midpoint, then up 15 cm.

Plants were watered twice a week at a rate equivedehe average natural precipitation at the
Caminada-Moreau headland, which is approximatef0lItm/year (Mendelssohn and Hester
1988). Cumulative stem height (primary stem hemts$ any additional branch lengths) and
leaf number were measured every other week. Mimpaverage, and maximum soil moisture
in the upper 0-15 cm of the soil profile was detieed throughout the study. In June and
August 2008 we measured photosynthetic respons€@eassimilation and stomatal
conductance) using a LICOR-6400 photosystem (LICORGoIn, NE). At harvest, we
measured total leaf area using WinRhizo image amsaboftware (Regent Instruments, Inc.
2005). To harvest belowground biomass, the PV6otmsms were cut longitudinally down the
length of the container and soil and root samplesewollected in 15-cm increments. Root
biomass and mid-point soil moisture were determiteghch depth increment. All biomass was
sorted into various partitions and dried at 659@ tonstant mass and weighed. Data were
analyzed with a repeated-measures MANOVA with @stfr using SYSTAT 11.0 (SPSS, Inc.
2000).

Results
Elevated Salinity Levels

Both aboveground biomass (stem and attached |eake time of harvest) and belowground
biomass were consistently greater in the 24-molais@edlings than the 12-month old seedlings
across all salinity levels except at the 24 ppelewm which the biomass response of the two age
classes were equivalent. The greatest abovegifgionthss produced by the 12-month old
seedlings occurred at this 24 ppt salinity levdiereas the 24-month old seedlings displayed
their greatest aboveground biomass productionea#&yppt salinity level (Figure 2.1).
Belowground biomass production followed the santeepas for the two age classes (Figure
2.2). An important difference to note between elgsses is that the 12-month old seedlings
biomass maximum at 24 ppt was followed by a sigaiit decline in production at higher
salinity levels, whereas the biomass of 24-monthseledlings peaked at 48 ppt and then did not
significantly decline at higher salinity levelsotaél biomass (sum of above-and belowground
biomass) was also significantly greater in 24-mdh#n 12-month old seedlings across salinity
levels except at 24 ppt, where differences in agouend and belowground biomass were not
statistically significant (F = 0.01, p = 0.9394 dnad 0.30, p = 0.863, respectively). Differences
in aboveground and belowground biomass betweeardd®24-month old seedlings were
marginally significant at O ppt (F = 3.34, p = 647 and significantly different at 48 ppt (F =
5.63, p = 0.0221). Therefore, although 24-monthsaledlings entered the experiment with
inherently greater biomass than the 12-month ofes12-month old seedlings were able to
‘catch up’ and produce equivalent amounts of abawne-belowground biomass when grown at
the 24 ppt salinity levelThe greatest cumulative change in height for b@hahd 24-month old
seedlings occurred in the control (0 ppt) and lawsasnity level (24 ppt) treatments (Figure
2.3). The cumulative change in 12-month old segdheight was greatest at 24 ppt salinity level
(Figure 2.3).
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Root-to-shoot ratios were generally greater inZfhanonth olds seedlings, with greatest root-to-
shoot ratios occurring at lower salinity level2#+month old seedlings than in 12-month old
seedlings (Figure 2.4). Root-to-shoot ratios nmaydase in response to either a greater stress
inhibition effect on the production of abovegrourssue relative to belowground tissue, and/or
an actual decrease in aboveground biomass byldeafssion to minimize the potential for
transpirational water loss.

Our results indicate that both age classes of biaakgrove seedlings assessed (12- and 24-
month old seedlings) have the ability to toleratkngty levels up to 72 ppt. However, both age
classes of seedlings displayed substantial mortalithin 3 weeks when exposed to the 96 ppt
salinity level. Thus, prolonged substrate salinit@6 ppt appears lethal to black mangrove
seedlings regardless of age class. Sublethalteftéelevated salinity levels were apparent in
the 72 and 96 ppt treatments, and included leafihirey, desiccation, and abscission. Total
number of leaves per seedling at the end of theysuias greatest at 24 ppt for both 12 and 24-
month old seedlings. Salinity had a significaréetf on total number of leaves abscised from
the initiation to the end of the study (F = 4. p.007), with higher salinity levels resulting in
greater number of leaves abscised. This net charlgaf number of 12- and 24-month olds was
significantly different, with 24-month olds losimgore leaves (E 4.194, p = 0.047), (Figures

2.5 and 2.6). By October 25, the sublethal effe€tsalinity toxicity in plants at 72 ppt were
apparent as evidenced by leaf loss in both 122dnchonth old seedlings (Figures 2.5 and 2.6).
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Figure 2.3 Cumulative change in height per mangrove segdlge class
(mean + 1 SE).
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Figure 2.4 Biomass allocation ratio expressed as root-tmth
per mangrove (mean + 1 SE).
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Figure 2.5 Net number of leaves per 12-month old mangreegllng (mean £ 1 SE). Net leaf
loss peaked around ordinal date 298 (October 2B8)20hen salinity levels approached 72 ppt
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Figure 2.6. Net number of leaves per 24-month old mangreeelling. Leaf loss peaked
around ordinal date 298 (October 25, 2008) whenisalevels approached 72 ppt and increased
to 96 ppt by ordinal date 304 (October 31, 2008).
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Sand Burial

Many of the plants in the 15 and 20 cm sand binggtments were completely covered by this
depth of sand. When complete burial of all adrssue occurred, it proved to be lethal (Table
2.1). Thus, seedlings buried to a depth of sameéeding their height demonstrated 100%
mortality, whereas all seedlings that were not detepy buried survived.

The effect of the sand burial on growth differednsen the two age classes. Moderate sediment
deposition appears to have a stimulatory effegjromth, though there is variation in the timing
of this response between age classes (Figure@.2.8). Eighteen-month old seedlings had
significantly different growth rates than 6-montd eeedlings over time (F = 4.062, p = 0.013),
(Figures 2.7 and 2.8). The younger 6-month oldlissgs in the control, +5 cm, +10 cm, and
+15 cm treatments all had growth rates greater ¢inagual to 0.5 mm/day after one week of
burial. In contrast, none of the 18-month old $egd in any of the treatments had growth rates
greater than 0.5 mm/day during the same periooh&.t Whereas 6-month old seedling growth
rates were at the same rate from the time of b(aa} 1, or ordinal date 62) to almost 4 weeks
after burial (day 26, or ordinal date 87) and silgatecreased to a negligible growth rate by the
end, the growth rates of the 18-month old seedling®ased slowly from a negligible rate and
did not reach a maximum until 26 days into the gtu@ihe 18-month old seedling growth rates
peaked around day 26, and then declined for thatidarof the study (Figure 2.8). Overall, the
growth rate around day 26 for both age classesswadicantly greater than the growth rates of
the rest of the study (F = 2.407, p = 0.024).

The effects of burial depth and age class werdfgignt for total height, aboveground biomass,
and belowground biomass. Significant differencetotal height among treatments generally
reflect the greater proportion of plant tissue &diby increasing burial depths. Minimal
aboveground and belowground biomass for both agsets occurred at +15 and +20 cm burial
depths (Figures 2.9 and 2.10). As expected dtieetmitial relative size differences of seedlings
that are a year apart in age, there were signifiddierences in above- and belowground
biomass between age classes. The total biomdks 6fmonth old seedlings was affected at
lesser burial depths than the 18-month old seesili@égnonth olds tended to have lower biomass
following any amount of sand burial (Figures 2.9l @110), whereas the effects of burial on the
18-month olds were minimal until the maximum budapth of +20 cm (Figures 2.9 and 2.10).

Table 2.1 Proportion of seedlings covered entirely by slndal depth. Note that none of the
seedlings in any of the lesser burial depths (80,+0 cm) were completely covered.

Burial 6-month old 18-month old

Depth seedlings buried seedlings buried
+0cm 0.00 0.00
+5cm 0.00 0.00
+10cm 0.00 0.00
+15cm 0.60 0.00
+20cm 1.00 0.60
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Fluctuating Water Table

There were significant effects of water-table degntld age class on aboveground biomass,
belowground biomass, final leaf count, and totaf krea (Table 2.2). Interestingly, there were
no statistically significant effects of hydrologiegime (static, fluctuating biweekly, or
fluctuating bimonthly regimes) on aboveground, bemund biomass (Figures 2.11, 2.12, 2.13,
2.14)or the net number of leaveBlowever, the differences in total leaf area betwiberthree
hydrologic regimes were marginally significant (858, p = 0.056).

Leaf area ratio, defined as the total leaf areg)dinided by the total seedling biomass (g)
(Poorter and Remkes 1990, McKee 1995a), varieckebglsg age, water-table depth, and
hydrologic regime (Figure 2.15a, b, and ¢). Leafaaratio reflects the proportion of energy that
is invested in light capture and photosynthesisKbe 1995a).Six-month old seedlings had a
greater average leaf area ratio with a smalledst@herror around the mean (13.43 +/- 0.53)
than 18-month old seedlings (10.52 +/- 3.55). €&hweere significant differences among the
various hydrologic regimes (Figure 2.15a, b, andL®af area ratio was significantly greater in
the bimonthly fluctuating regime (F = 5.226, p 824), and significantly less in the biweekly
fluctuating regime (F = 8.196, p = 0.005). Sonternesting differences were observed in the leaf
area ratio responses of 12-month old versus 6-mualdteeedlings (Figure 2.15). The 6-month
old seedlings tended to produce greater leaf atezsrthan 12-month old seedlings, except at the
deepest (-60 cm) water-table depth. Further,dbepest water-table depth treatment (-60 cm)
resulted in leaf area ratios that were significataver than the rest of the treatments (F =
68.053, p <0.001, whereas water-table depths oardb-30 cm resulted in leaf area ratios that
were significantly greater than all others (F =728, p < 0.001 and F = 21.680, p < 0.001,
respectively).

Physiological stress was quantified by measuringggdynthesis and stomatal conductance on
two separate occasions at 4 and 6 months intdldg.s Water-use efficiency (WUE), defined
as the moles of carbon fixed per moles of watdni@stranspiration (Lambers et al. 1998), did
not vary among water-table depths, hydrologic reginor age classes. However, time had a
significant effect on water-use efficiency (F =B345p = 0.037) and stomatal conductance

(F =16.482, p = 0.000). Table 2.3 summarizestleage rates of net gassimilation,
stomatal conductance, and water-use efficiency.

Aboveground biomass includes stems and all attalda@s, both dead and alive, at the time of
harvest. Average aboveground biomass for 6-moldtseedlings was greatest at the -30 cm
water table depth (Table 2.2), though the diffeesnoetween hydrologic regimes were not
significant. Average aboveground biomass for 18#hold seedlings was greatest at the three
shallowest water-table depths regardless of hydrolegime (Figure 2.12).

Total belowground biomass was greatest for bothctagses at the -30 cm water-table depth,
regardless of hydrologic regime (Tables 2.2 angl ZI'e incremental root biomass varied by
depth. Age was a significant effect within treatnleeights, whereas hydrologic regime was not
(Table 2.5). The exception to this was in thecB0water-table depth treatment, where
hydrologic regime had a significant effect on imaental root biomass (F = 3.11, p = 0.033).
The root biomass in the upper 15 cm of the soifilgravas significantly different among water-
table depth treatments (F = 12.782, p < 0.001)keeteveen ages (F = 43.258, p < 0.001), (Figure
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2.16). Root-to-shoot ratio did not vary signifitgirby water-table depth or hydrologic regime,
but 6-month old seedlings had a significantly lonaat- to-shoot ratio than 18-month old
seedlings (F = 34.649, p < 0.001).

The growth response and biomass allocation of thiegmove seedlings generally tracked the
gradient of soil moisture through the soil profilehe minimum and maximum available
moisture in the upper 15 cm of the soil profilangéed at various times throughout the study
when the substrate surface was the closest orfirgfossible distance from the water table,
varied among water-table depth treatments (Tallp Z'he optimum range of water-table
depths for seedlings appears to be between -1538ncin based on final mangrove seedling
heights (Figure 2.17). The percent moisture atithe of harvest varied significantly across the
different soil depths, but did not differ betweée two age classes (Figure 2.18). We compared
the percent moisture in the midpoint of the upecth of the soil profile between treatments
(Table 2.5) and determined that water-table depthasignificant effect on soil moisture in the
upper 15 cm of soil (F = 50.558, p < 0.001).

Table 2.2. Summary ANOVA table for the water-table depth ekpent.
Significant effects are denoted with an asterigk (*

Aboveground Belowground Final Leaf Total Leaf
Biomass Biomass Count Area
Age F=5.77 F =36.963 F =40.989 F=0.03

p =0.018* p <0.001* p <0.001* P =0.868

Water-Table F = 39.13 F=17.79 F=15.116 F =50.67
Depth p<0.001* p<0001* p<0.001* p<0.001*

Age x Water- F = 3.57 F=1.57 F=0.73 F=210
Table Depth p =0.009* p=0.188 p=0.573 p = 0.086
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Figure 2.11 Aboveground biomass per 6-month old mangrovdlsgg(mean + 1 SE).
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Figure 2.13 Total belowground biomass per 6-month old mavgeedling (mean + 1 SE).
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ratio = [Total leaf area (cfj/ total seedling biomass (g)].
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Table 2.3 Mean rates of net G@ssimilation, stomatal conductance, and
water-use efficiency measured at mid-study anteaend of the study (mean +1 SE).

Net CO, Stomatal Water-Use
Assimilation Conductance Efficiency
(umol CO,m?s™) (mol H,0 m?s™)

4 months 9.14 +0.31 0.20+0.01 54.28 +3.94

6 months 9.14 +0.29 0.16 £0.01 63.27 +1.72
B 6-month old

3.5 [ 18-month old
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Figure 2.16 Root biomass per mangrove in top 15 cm of sofile (mean £ 1 SE).
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Figure 2.17. Optimal soil moisture for mangrove growth asiadtion of water-table depth,
shown here as the range of average minimum pesodnhoisture values of the upper 15 cm of
the soil profile (dashed line) and average heightseedling (bars) (means =1 SE). Age class
did not significantly affect minimum percent moistuand as such, seedling heights are
averaged between age classes for each water-igyille tleatment.

Table 2.4. Moisture extremes of the upper 15 cm of soil peofésulting from the various
water-table depths and hydrologic regimes. Mininparcent moisture was collected at the
maximum time the water table had “fluctuated” atehfs were 15 cm above the midpoint;
maximum percent moisture was collected at the mamirtime the water table had “fluctuated”
and plants were 15 cm below the midpoint. Valuedslae mean + 1 SE.

Water-Table Depth  Minimum % Moisture Maximum % Maie

-0cm 20.67 +0.39 44.95 + 2.05
-15cm 17.03 +0.69 23.72+1.28
-30 cm 9.44 + 0.50 20.27 + 0.66
-45cm 4.8 +0.40 13.57 £ 0.36
-60 cm 4.72 +1.22 6.7 +£0.35
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Table 2.5 Repeated-measures analysis of variance (ANOWAydier-table
depth for root biomass and percent moisture (bollected over 15 cm increments).
Significant effects highlighted with an asterisk. (*

Root Biomass % Moisture
Main Effects F-ratio p-value F-ratio p-value
-Ocm  Water-Table Depth 234.27<0.00F NA NA
Age 32.966 <0.001* 0.983 <0.001*
Hydrologic Regime 0.183 0.889 6.812 0.006*
-15cm Water-Table Depth 96.412<0.001* 23.267 <0.001*
Age 0.939 0.364 0.847 0.368
Hydrologic Regime 0.625 0.581 12.232 <0.001*
-30cm Water-Table Depth 439.051<0.001* 8.418 0.001*
Age 17.734 <0.001* 0.694 0.506
Hydrologic Regime 3.11 0.033* 3.572 0.014*
-45cm Water-Table Depth 391.38%<0.001* 45.195 <0.001*
Age 33.672 <0.001* 0.761 0.52
Hydrologic Regime 0.668 0.606 2.632 0.025*
-60cm Water-Table Depth 120.03/<0.001* 75.613 <0.001*
Age 27.146 <0.001* 0.737  0.477
Hydrologic Regime 1.441 0.261 1.287 0.294

% Moisture

-15 -30 -45 -60
Water-Table Depth (cm)

Figure 2.18 Percent moisture in the upper 15 cm of thezwifile
at the time of harvest (mean 1 SE).



Discussion
Elevated Salinity Levels

Salt tolerance is one trait that may be displayedttess-tolerators (Grime 1977), which refers to
plants capable of withstanding various environmleitassors, thereby allowing them to grow in
specialized niches (Grime 1977; Diaz et al. 20@lack mangroves are tolerant of high salinity
levels; they are in fact the most salt toleranthef new world mangroves (Patterson and
Mendelssohn 1991; Saenger 2002). This is evidetnomly in their distribution throughout the
neotropics, where they typically occur upslopeeaaf mangroves in less frequently flooded
substrates that are generally more saline (Chad@®a®; Tomlinson 1986; Imbert et al. 2000),
but also in our findings that young seedlings ditl die in porewater salinities of 72 ppt. Salt
crystals were visible on the leaves by the secoeekvof the study, showing the active excretion
of salt by the salt glands in response to incrgasancentrations of salt ions in the water. One
recognized tradeoff in the tolerance to elevatdidisalevels is a slower rate of resource
allocation and growth due to added energy experalituthe production of compatible solutes to
lower cytoplasmic water potential (Ball 1996; Lamet al. 1998; Mitsch and Gosselink 2000).
In addition to slow growth rates, salinity stregsponse can be manifested in the loss of (older)
leaves in an attempt to both translocate excesfosalto expendable tissue (Cram et al. 2002)
and minimize leaf area to reduce evapotranspirgtiambers et al1998).

In the current study, ontogenic differences betwaga classes played a role in the significant
differences in above- and belowground biomass, lwiniay be important to wetland managers
depending on the goals, timeframe, and budgeteofdktoration project. Twenty-four month

old seedlings had more leaves at the beginningeo$tudy (11.63 +/-1.25) than 12-month old
seedlings (8.2 +/-0.5). Initial average heigh2éfmonth olds (21.72 cm +/-1.81) was also
greater than 12-month olds (14.68 cm +/-0.78). s€hage class differences may be important for
24-month old seedlings to be able to capture mghe énergy (more leaf area), and therefore
initially fix more carbon per seedling than 12-mootd seedlings, as well as possessing a height
advantage in areas that may be subjected to saral. bat the end of the salinity tolerance
experiment, although aboveground biomass of thm@dth old seedlings was greater than the
12-month olds under freshwater conditions (O ppt$,important to note that when grown at the
24 ppt salinity level the 12-month old seedlingsenvable to produce an equivalent amount of
aboveground biomass as the 24-month old seedlifigsrefore, at sites not expected to
experience hypersaline conditions nor significamadsburial (as discussed below), 12-month old
seedlings will likely perform as well as more exgige 24-month old seedlings. Both age
classes displayed the greatest number of leavesepdting when grown under the 24-ppt

salinity level, thereby further substantiating tthas salinity level is in the optimum range for
vigorous black mangrove seedling growth.

When plants experience physiological drought (ag otgur with actual drought or the initial
phases of salinity stress), photosynthate is datiacated to root growth to increase the ability to
uptake fresh water (Ball 1988). Twelve-month adddlings had the greatest root biomass in 24
ppt in relation to the other salinity levels. Asge root-to-shoot ratios for both age classes were
lowest at 0 and 24 ppt. In the absence of sassithese seedlings increased vegetative growth
because water was not limiting and growth rateewmaximized. In the salinity levels beyond
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those optimal for growth, both age classes displayereases in root-to-shoot ratios in an
apparent attempt to reduce leaf area (reduce tratispal water loss) while increasing

allocation to root biomass (increase root surfaea for water uptake). This indicates some
degree of physiological drought stress; plantscali® more resources to belowground biomass at
the expense of aboveground biomass in increassadiye conditions (Ball 2002).

Sand Burial

Sedimentation is a major process in the mangroveement (Twilley 1995; Furukawa and
Wolanski 1996). Whether along a tidal creek oamal on a barrier island, sediment deposition is
an important modulator in dynamic coastal systdme €t al. 1996; Ellison 1998). Given the
frequency of tropical storms and hurricanes in taddsouisiana, these events can be major
sediment re-distribution events (Turner et al. 20@arrier islands are the first land masses to
absorb the force of hurricane wind and storm sutges, the plant communities that comprise
the beach, dune, swale, and backbarrier marsh igreadiment that is constantly being
reworked. In fact, mangroves are well adapted ddemate rates of sedimentation on the
magnitude of 10 mm/year (see Ellison 1998 for neyieSediment burial can be differentiated as
rapid accretion when it exceeds this rate of dejwosi It has been reported that the lethal depth
of burial in adult mangroves occurs when sedimerers the pneumatophores, smothering them
and preventing the roots from respiring aerobic@tytchings and Saenger 1987; Terrados.et al
1997; Ellison 1998). Since the development of pm&wphores does not occur until the seedling
is mature, and depends to some extent on the defjsed saturation (Saenger 2002), we
investigated the lethal threshold in these youtngrk mangrove seedlings.

Moderate depths of sand burial did in fact stimaulgiowth in the first several weeks as the
overall growth rates increased until mid-study amde at a maximum up to and around day 26,
or ordinal date 87. Interestingly, 6-month old diew$ had a greater combined growth rate in the
first 14 days post-burial; their response was nimraediate than the 18-month old seedlings.
The intrinsic growth rate of an organism may bedimgle most predictive factor in recovery
following disturbance, regardless of the intensityrequency (Haddad et al. 2008). Black
mangrove seedlings, though slow-growing as comparéeérbaceous plants, apparently have
the capacity to upregulate growth in response tderaie levels of sand burial in an effort to
recover. The response of black mangrove seediingsdiment burial is consistent with other
salt marsh plants that are stimulated by modeeatargent burial, such &partina alterniflora

(L.) (Deng 2008) anéuccinellia maritima (Langlois et al. 2001). An important finding ofrou
study is that regardless of age class, mortality oocurred once the seedling was completely
buried. Therefore, 6-month old seedlings can perfas well or better than 18-month old
seedlings when subjected to moderate sand buraltethat do not completely bury the
seedlings.

Fluctuating Water Table

The hydrology of the mangrove environment is a erastvironmental driver that modulates the
edaphic conditions through the frequency, depthdamdtion of flooding. The influence of the
tides and precipitation are dictated by the elewvatif a site, which in turn affects the available
moisture, pH, salinity, redox potential, and auaility of nutrients and ions present in the soill
(McKee 1993). Mangrove restoration projects arsinikely to fail when suboptimal substrate
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elevations at a site prevent the proper hydrolagy, therefore optimal edaphic characteristics,
for mangrove growth (Crewz and Lewis 1991; McKe83;9Turner and Lewis 1997; Platong
1998; Ellison 2000). If the project substrate alén is not well-suited for mangrove restoration
efforts (either too high and hypersaline or too wd waterlogged), the restoration may falil
unless other, better-suited species are plantdese suboptimal elevation areas. We strongly
recommend adaptive management approaches in toeatésn of any coastal ecosystem.

The availability of fresh water to plants on a b&risland is determined by the depth of the
freshwater lens that is perched on top of the desadewater. This freshwater lens is controlled
by precipitation and tidal action. Meteorologiegknts and frontal passages can overwhelm
astronomical tides, altering the height and duratibnormal tidal oscillations and temporally
changing the depth from which plants access ttehfreater on the barrier island. The amount
of stress that a plant undergoes to meet its vdatierand is further dictated by the elevation at
which it is growing. In our current study, we detened that mean water-table depth was a
much more important factor in the determinatiomaingrove growth and biomass allocation
than temporal hydrologic fluctuations (of +/- 15)canound that mean. Water-table depth
significantly affected above- and below-ground bass total leaf area, and leaf area ratio. Soill
moisture appears to be the driving force resuliintipe differences we observed in biomass
production, allocation, and physiological respofisble 3.3). Mangrove seedlings of both age
classes had the greatest biomass when grown @ta@n3vater table; total, aboveground, and
belowground biomass were all reduced in the twdl@har water-table depths (0 and -15 cm),
as well as in the two deeper water-table deptisdatl -60 cm). Consistent with other findings
of the effects of flooding on black mangrove rold@ation (Pezeshki 1997), waterlogged soll
did not trigger a response of increased root bisnaéiecation.

However, our results also appear to indicate tlstkomangrove seedlings are less robust to soil
moisture limitations (drought) than to floodingests. Average soil moisture in the top 15 cm of
the deepest water-table treatment (-60 cm) washess10%, and unlike dune species of
Louisiana barrier islands such as sea daisoa paniculata) that increase root:shoot and

rooting depth in drier soil conditions (Hester aidndelssohn 1989), root biomass and rooting
depth were significantly less than the other, shar water-table depths. The maximum rooting
depth that any of the plants reached in the -6Qvatter-table depth treatment was -30 cm. In
contrast, the maximum rooting depth of plants mititermediate water-table treatments (-15
and -30 cm) were deeper than -45 cm (i.e., rodtsallg grew into the water table). Therefore,
our results suggest that optimal black mangrovetsate elevation is in the upper-intertidal and
high marsh zones, which is congruent with the pagtef black mangrove zonation in Louisiana,
Florida, and throughout the neotropics (ChapmarélPatterson and Mendelssohn 1991). In
this part of their range, black mangroves are kxdtaitt higher elevations than lower-intertidal
species with which they co-occur, suchSpartina alterniflora in Louisiana andrhizophora
mangle in Florida and the Caribbean (Tomlinson 1986;d6li and Farnsworth 1993; Patterson
et al. 1997).

The effect of soil moisture limitation on seedliegf number and leaf area was evident in the

deepest water-table depth treatments. The leafarglants grown at a -60 cm water-table was

dramatically reduced in response to the limitedewavailability. Our measurements of

photosynthesis and stomatal conductance were efféxt this because in many cases it was not

possible to analyze these variables in leaves srtathn 3.0 ch We measured 46 fewer plants
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in the second set of measurements (6 months igtsttidy) than in the first set (4 months)
because so many leaves were below this measuré¢mesitold of 3.0 chleaf area.

Regardless, overall average water-use efficientlgaose plants we were able to measure on both
occasions was greater by the end of the studfjeagrblonged water limitation apparently
resulted in an acclimation response of reducedati@mperature and hence reduced stomatal
conductance and increased water conservation.mfsoritant note, as pointed out in a review by
Krauss et al. (2008), is that the estimate of waser efficiency under flooded conditions (and
drought) is different under fresh versus salineditbons. Under saline conditions, physiological
drought is exacerbated, and the plant may regiitateater-use efficiency accordingly. Age-
specific patterns of biomass allocation may al$fedunder freshwater and salt water flooding
(Pezeshki et al. 1990), as energy is requirednthegize osmotic compounds (compatible
solutes) within the mangrove to regulate internalew balance under saline conditions (Naidoo
1985). Thus, our estimates of photosynthesis tordatal conductance likely represent a “best
case” scenario for mangrove seedling water-useiefity and do not include the interaction of
flooding and salinity or drought and salinity.

As expected, the effect of seedling age did notrdmute to differences in soil moisture.
Although the belowground biomass of 18-month okeldiegs was significantly greater than that
of the 6-month old seedlings, the soil moisturdif@®e were similar. Soil moisture decreased
with distance from the water table. Further, thetent hydrologic regimes (fluctuating versus
static) did not significantly affect the averagd smisture profiles.

Summary

Advice from practitioners of mangrove ecosystenalglitation includes defining the optimal
hydrologic regime, describing any “propagule lirida” or barriers to natural dispersal, and
integrating the mangroves into the landscape taorgthe success of mangrove restoration
projects (Lewis 2005). The first step to desigmestoration should be elucidating the reasons
why black mangroves may not currently occur inaartegions of the southeastern Louisiana
salt marsh and barrier island plant communitieclBmangrove propagule production does not
appear limiting, although it may be lower in huamne or other high-disturbance years than in
normal years, and so the observed distributiodadfikomangroves is either due to dispersal
limitations, abiotic factors relating to physiologl tolerance, or biotic factors/interactions, such
as competition.

In Louisiana backbarrier marshes black mangrovesadccur in association with smooth
cordgrassSpartina alterniflora. Black mangroves have the ability to outcomphkeig $alt marsh
sympatric species at elevations that are not peentgnflooded (Patterson et al. 1993). They
may in fact establish more readily in higher elevasites if salt-tolerant species liesuvium
portulacustrum, Batis maritima, andDistichlis spicata are present to act as facilitators to
establishment (McKee et al. 2007b; Milbrandt anaisiey 2006). Other biotic interactions
include the potentially devastating effects of @gple herbivory, though in this region of the
black mangrove range this is not as prominent @selsewhere (see Cannicci et al. 2008 for
review).

Our research on elevated salinity level, sand huaral fluctuating water-table depths has
delineated the upper and lower bounds of survimdlgrowth in black mangrove seedlings
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ranging from 6 months to 24 months of age. Thécjatuse of propagules, in conjunction with
seedlings, is advisable if we assume that theggagrdes have the ability to establish within the
constraints of the 6-month old seedling tolerarioesbiotic factors reviewed in this report. This
is a valid assumption, given that black mangrowppagules have long-distance dispersal
potential that would not be possible without adeg@ad efficient internal metabolic regulation
(Nettel and Dodd 2007). It has been reportedghgpagule establishment is compromised only
at salinity levels above 75 ppt (McMillan 1971)ropagules are supplied with maternal nutrients
and carbohydrates from the maternal plant, andpaisreary successional species, propagules are
adapted to harsh establishment conditions.

The arrival and establishment of propagules iscatitbut the long-term persistence and
expansion of a healthy black mangrove populatigedds on several important factors,
including sufficient reproductive output and disgarof propagules to the area, retention of
stranded propagules, and favorable abiotic facbsslinity, sedimentation, and hydrology.
Black mangroves represent a key component in bastend and coastal salt marsh ecosystems
throughout their range and are robust to a widgeai environmental conditions. As such, they
are a promising facet of barrier and coastal saltsimrestoration in Louisiana. The information
provided in this report should facilitate futurdabilitation and management efforts.
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Appendix

Figure Al. Diagrammatic Louisiana Black MangrowesBration Template. Abiotic and biotic
factors pertinent to restoration success are dakakeon the left and right side of the diagram,
respectively. Factors outlined in double black box those that were specifically addressed and
guantified in this NOAA CREST report. Factor rasgee provided in Appendix Table Al.
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Table A1. Summary of key physiological toleranaeges utilized in the development and
optimization of our Louisiana Black Mangrove Reat@mn Template. All data presented are the
result of NOAA CREST funding. Additional relevditerature from other geographic regions

and studies are being compiled as a companion.table

Life History | Environmental Location,
Stage Constraint/Factor(s) | Recommendation Researcher(s),
Date
Propagule Elevation, Flooding Plant above MHT (elevation|>*Caminada-Moreau;
0.8m MWL). Enclosures may
increase establishment at lower
elevations by preventing re- | Hester et al. 2007
dispersal of propagules.
Light Level 60% light transmission is Caminada-Moreau;
optimal for survival; 20 - 60%
transmission optimal for Hester et al. 2007
growth.
Potential Propagule | Store propagules in salt water.Personal
Fungal Infestation | Use of various fungicides oftenobservation
not effective. Evaluate funga
source; often common under
winter greenhouse conditions|
Seedling Salinity Level 24 — 48 ppt for optimal growthSource Population:
(6, 12, 18, (12-mo old seedlings prefer 24Caminada-Moreau.
24-month ppt, 24-mo olds prefer 24 - 48 Greenhouse study.
olds) ppt). Sublethal effects evident
above 72 ppt. Lethal at 96 pptHester et al. 2009
Sand Burial Depth All seedling age classes can Source Population:
survive a burial event as long| Caminada-Moreau.
as some leaf tissue remains | Greenhouse study.
exposed; 5-10 cm sand Hester et al. 2009
stimulates burial.
Hydrologic Regime, | Hydrologic regime Source population:
Elevation (Water- (fluctuating, static) has no Caminada-Moreau.
table depth) effect. Elevations between 15-Greenhouse study.
30 cm above the water table
best for establishment of 6- | Hester et al. 2009
and 18-mo old seedlings.
Adult Sexual | Hurricane Average propagulesfrof Caminada-Moreau.
Reproductive| Disturbance year vs.| canopy = 23 to 147 in
Output Normal year Hurricane disturbance year. In
a non-hurricane year,
propagules/rhof canopy = 163 Hester et al. 2009
to 214.
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