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Abstract As annual minimum temperatures
increase due to climate change, species once con-
strained by minimum temperatures are expanding
poleward. Avicennia germinans (black mangrove), a
freeze-intolerant tree, has been expanding northward
into salt marsh-grass-dominated communities. Distri-
bution and colonization dynamics of A. germinans are
crucial for understanding changes in coastal habitats
and ecosystem structure and function along the Gulf of
Mexico Coast (USA). We transplanted A. germinans
seedlings and propagules into salt marsh plots of S.
alterniflora, half of which had the canopy removed,
along a latitudinal gradient that spanned locations
within and outside of A. germinans’ current range
limits (29°7'20”N to 30°23’41”N). Plot microclimate
and transplant survival and growth were monitored for
2 years. Canopy removal resulted in lower minimum
temperatures and longer cumulative freeze duration.
Seedling survival was greatest at the southernmost
site; however, seedling growth was reduced in plots
with the canopy intact, as hypothesized. Seedling
survival at northern sites was limited to plots with the
S. alterniflora canopy intact. Propagules survived and
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established at all sites in the second year, although
there was no S. alterniflora canopy effect on propagule
survival and establishment. Our results illustrate the
complexity of ecological interactions between herba-
ceous marsh species and mangroves at the species’
range limit.
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expansion - Stress Gradient Hypothesis

Introduction

Mangroves are prominent coastal trees in tropical and
subtropical latitudes, providing unique ecosystem
services and functions, including high rates of primary
productivity, atmospheric carbon sequestration, shore-
line protection, and support for marine food webs
(Duke et al., 2007). Climatic factors such as temper-
ature can greatly influence plant species distribution,
as well as the structure and function of these tidal
ecosystems. Temperature is a global and regional
factor contributing to the latitudinal distribution of
mangrove species as mangroves are limited to tropical
latitudes due to low freeze tolerance (Duke et al.,
1998). In more temperate latitudes, mangrove forests
are replaced by herbaceous coastal salt marsh species
(Tomlinson, 1986; Kangas & Lugo, 1990; Yando
et al., 2016). Feher et al. (2017) quantified positive
linear relationships between temperature and
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aboveground productivity, as well as strong positive
sigmoidal relationships between temperature and
aboveground biomass and canopy height. As fre-
quency of extreme cold events decreases with climate
change, mangroves have been able to expand their
ranges poleward (Cavanaugh et al., 2014).

One of the most widely distributed mangrove
genera, Avicennia, has a global tropic and subtropical
distribution from Australia (38°S, Avicennia marina
(Forssk.) Vierh.) to Louisiana, USA (29°N, Avicennia
germinans (L.) L.) (Tomlinson, 1986; Ellison &
Farnsworth, 2001). In the Gulf of Mexico, A. germi-
nans (black mangrove) grows at the northern latitu-
dinal limit of its range in North America (Sherrod &
McMillan, 1985). In parts of the northern Gulf of
Mekxico, the integration of mangroves into salt marsh
is occurring, and the effect of mangrove range
expansion into graminoid-dominated salt marsh could
be substantial (Osland et al., 2013). Avicennia germi-
nans, currently the only mangrove species found in
Louisiana, has been expanding its range along the
Louisiana salt marsh-dominated coast (Penfound &
Hathaway, 1938; Sherrod & McMillan, 1985; Perry &
Mendelssohn, 2009; Michot et al., 2010). Despite
several severe freeze events in the past century, A.
germinans has maintained its presence along the
southern Louisiana coast (Perry & Mendelssohn,
2009). While mangroves and coastal salt marshes
both provide numerous ecosystem services, they
remain distinctly different in terms of ecosystem
structure and habitats/species supported. Although it is
well understood that minimum temperatures limit the
distribution of mangroves into temperate latitudes,
other ecological factors that facilitate or inhibit the
expansion and the persistence of mangroves into new
territories are not well understood. Achieving a greater
understanding of the colonization dynamics of A.
germinans, species interactions between mangroves
and salt marsh species, and climatic drivers on this
species, will increase our understanding of the
replacement of herbaceous by woody plant species
in temperate communities (Sharitz & McCormick,
1973; Osland et al., 2017).

The dispersal of mangrove propagules occurs in
water (hydrochory) and is characterized by a period of
floating, followed by a period of stranding, in which
the propagules settle on sediment and the elongated
hypocotyl and radicle orients the plant and secures it in
the sediment (Rabinowitz, 1978a). Propagule and
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seedling mortality is high as young trees can be lost to
fungus, herbivory, washing out of the system, or
stranding in uninhabitable locations (Jimenez et al.,
1985; Minchinton & Dalby-Ball, 2001; Clarke &
Kerrigan, 2002). Mortality is higher in smaller sized
propagules (Rabinowitz, 1978b). Surrounding vege-
tation can play a role in the establishment success
(defined in this manuscript as the ability for propag-
ules to survive to seedling stage) of mangrove
propagules. For example, McKee et al. (2007) docu-
mented that the presence of Sesuvium portulacastrum
(L.) L. and Distichlis spicata (L.) Greene, two species
of herbaceous coastal plants, aids the establishment of
red mangrove (Rhizophora mangle L.) propagules by
increasing soil redox potential and decreasing soil
temperature and salinity, thus ameliorating stressful
environmental conditions. Further, greater light avail-
ability has been positively related to A. germinans
seedling density at Twin Cays, Belize (McKee,
1995b), suggesting that light is an important resource
for establishment across the range of A. germinans.
However, the role of competition and/or facilitation of
other marsh species on mangrove establishment at
their latitudinal ranges is not adequately studied but
remains important to understanding the species-colo-
nization dynamics and predicting the future coastal
wetlands with changing climate.

In Louisiana and Mississippi, the extent of Spartina
alterniflora Loisel-dominated salt marsh includes
freeze/frost-prone areas (Mississippi coast) and areas
in which freezes are less common (southern Louisiana
coast). Where cold temperature is an environmental
stress, S. alterniflora can be considered stress-tolerant
sensu Grime (1977) compared to A. germinans. The
dynamic persistence of A. germinans at its northern-
most range in the Gulf of Mexico may be related to the
potential of salt marsh vegetation to facilitate early
life-history stages of A. germinans. The Stress Gradi-
ent Hypothesis (SGH, Bertness & Callaway, 1994;
Guo et al., 2013) predicts that facilitative interactions
are more likely to occur in areas of high environmental
stress, and competitive interactions are more likely in
areas with low stress, and can be further influenced by
not only the type of stress, but also by life-history stage
and strategy (Miriti, 2006; Maestre et al., 2009). For
example, short-stature A. germinans growing within
salt marsh vegetation were observed to survive a
severe freeze event in Florida (Lugo & Patterson,
1977) and Texas (Sherrod & McMillan, 1985).



Hydrobiologia (2019) 826:195-208

Additional experiments have demonstrated that A.
germinans propagules could establish and survive in S.
alterniflora-dominated areas when the effects of
propagule redispersal and predation were eliminated
using enclosures (Patterson et al., 1997; Hester et al.,
2007). Furthermore, facilitative or competitive inter-
actions between species drive species survival and
zonation. Patterson et al. (1993) found that A. germi-
nans seedlings could grow in permanently flooded
soils, but growth was inhibited when S. alterniflora
was present. As mangroves continue to be affected by
climate change (Scavia et al., 2002; Alongi, 2008;
Gilman et al.,, 2008), it becomes imperative to
understand the cold temperature stress dynamics of
mangrove range expansion at the mangrove-salt marsh
ecotone (Osland et al., 2013).

In this study, we investigated the likelihood of
facilitative interactions between S. alterniflora and A.
germinans along a latitudinal range. We hypothesized
that at the northern latitudinal range limit of A.
germinans, where cold temperature stress would be
greater due to more severe freeze events, S. alterni-
flora would facilitate A. germinans survival. Con-
versely, we predicted that negative interactions
between S. alterniflora and A. germinans would be
the dominant interaction in southern Louisiana coastal
salt marsh where temperatures infrequently drop
below freezing and both species commonly occur
and compete for resources. In addition, we determined
if propagules and seedlings of A. germinans could
survive and establish beyond their current range limit
via a transplant study. The goals of this research were
to increase understanding of (1) the colonization and
establishment dynamics of A. germinans; (2) ecolog-
ical interactions between species along a stress
gradient; and (3) inform predictions of coastal marsh
plant community change under future climate
scenarios.

Materials and methods
Study sites

Beginning in November 2009, we established three
salt marsh habitat transplant sites along the Louisiana
and Mississippi coasts to represent a cold temperature
gradient, spanning a latitudinal range from 29°7'20"N
to 30°23’41”N (Fig. 1). Space-for-time substitution
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Fig. 1 Study sites along the coast of Louisiana and Mississippi,
USA. Water-level gauge data for each site includes time flooded
(TF) and porewater minimum temperature (PMT). All sites were
established in 2009 except St. Bernard, which was established in
2010

approaches, such as this, have been implemented in
numerous ecological studies to predict system
responses to changing climate and abiotic parameters
(Pickett et al., 1989; Aronson et al., 1995; Twilley
et al., 1999; Osland et al., 2013; Yando et al., 2016).
Selected sites for this study spanned a geographic
gradient from where A. germinans currently occurs in
Southern Louisiana (Caminada, LA) to a northern site
beyond the current range of A. germinans (Ocean
Springs, MS). Three sites (Caminada, Rockefeller, and
Ocean Springs) were established in the first year, and
an additional mid-latitudinal site (St. Bernard) was
established in the second year (2010) (Fig. 1).
Although sites also varied longitudinally (88°W to
93°W), precipitation did not significantly differ across
all our coastally located sites (NOAA, 2017). All sites
were established in tall-form S. alterniflora-dominated
marsh in close proximity (1.5-2 m) to a bayou or
waterway on natural streamside berms, which were at
marsh elevations conducive to promote A. germinans
establishment (Alleman & Hester, 2011b).

Plot vegetation treatments

At each of the four transplant sites, we established ten
0.7 m* plots. Each plot had one of two marsh
vegetation treatments: the control treatment, in which
the canopy was unaltered (canopy intact), and a
clipping treatment (canopy removed) in which the
canopy was removed at ground level. Plots also had A.
germinans life-history stages treatment using two
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stages: propagule and seedling. The propagule treat-
ment consisted of 25 live propagules dispersed
randomly into the plot, whereas the seedling treatment
consisted of 10 transplanted seedlings (10-20 cm in
height) in the fall of each year. We established four
replicate blocks at each site, each block was composed
of four plots (one of each marsh vegetation and life-
history stage treatment combination) for a total of 16
plots per site. In year 1 of the study (2009-2010), plots
were established (consisting of the full experimental
design) at each of the two sites (Caminada and Ocean
Springs), and only seedling plots were established at
the Rockefeller site. By the second year of the study
(2010-2011), the full experimental design was estab-
lished in all four sites (Caminada, Rockefeller, St.
Bernard, and Ocean Springs), for a total of 64 plots.
Aboveground biomass was collected from each plot
the first time it was clipped for canopy-removal
treatment, dried to a constant weight at 65°C in a
drying oven, and weighed to estimate aboveground
biomass at each site. Clipping was repeated in the
spring and fall as well as after each freeze event. To
prevent propagules from being redispersed by tidal
action, propagule plots were enclosed within 1.2-m-
tall enclosures constructed of plastic mesh (mesh
openings approximately 2 x 2 cm), which were
staked in place with 2.4 m long, 1.3 cm diameter
PVC. In addition to propagule enclosures, shorter
enclosures (0.6 m tall with the same size mesh) were
placed around seedling plots at Ocean Springs in the
second year of the study to prevent herbivory, likely
by nutria, Myocastor coypus (Molina), which was
observed in the first year.

Hydrology was determined from water-level
gauges installed at three of the sites during the first
year, except for the St. Bernard site, which was
determined during the second year. Plots were flooded
between 24 and 40% of the time (Fig. 1). In general,
plots were not flooded during freeze events (data not
shown) as strong northerly winds push the water out of
the coastal marshes during the passage of cold fronts.
Minimum water temperatures recorded by the water-
level gauge remained well above freezing with the
warmest minimum water temperature being recorded
at the northernmost site, Ocean Springs (Fig. 1).
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Plant collection and preparation

Seedlings (with approximately 10 leaves and no
branching) and mature propagules of A. germinans
were collected in the fall of each year from the
Caminada Moreau Headland, Louisiana. Collected
seedlings were placed in 235 mL plastic pots with
drainage and transported to the University of Louisi-
ana Ecology Center greenhouse facility, where they
were maintained under ambient conditions in 20 ppt
artificial saltwater (Spectrum Brands, Inc., Atlanta,
GA, USA) until being removed from pots and
transplanted in the field within 25 days. Prior to
planting, seedling height and number of leaves were
recorded, and seedlings randomly assigned to treat-
ments. Collected propagules were kept in 18-L
buckets of aerated 36 ppt artificial saltwater (replaced
every other day) and maintained under ambient
conditions at the Ecology Center until propagules
were transferred to the experimental field plots within
17 days.

Continuous and post-freeze monitoring

Plot elevations were related to data collected from
continuously recording Aqua TROLL-200 water
level-conductivity gauges (In-Situ Inc., Ft. Collins,
CO, USA) installed at each site to determine local site
hydrology. Four HOBO Pro V2 water-temperature
data loggers (Onset Computer Corporation, Cape Cod,
MA, USA) were also installed at each site, one per
block, at the approximate height of seedlings
(10-20 cm above the soil) to measure temperature of
air (or water temperature when flooded). Both
seedlings and propagules were monitored for survival
(presence of green photosynthetic tissue). Propagules
were also monitored for establishment success which
was indicated by the propagule extending its radicle
into the soil and orienting itself as a seedling. Seedling
leaf number and damage were recorded approximately
2 weeks following freeze events as this was the
optimal time frame for determining freeze damage
(Pickens & Hester, 2011). We recorded leaf number in
the fall as an indicator of seedling growth because leaf
number has previously been shown to indicate
biomass effectively for seedlings (Schiffers & Tiel-
borger, 2006). We quantified relative differences in
marsh canopy between plots with ocular estimation of
vegetative cover and relative light levels (percent
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photosynthetically active radiation (PAR) below ver-
sus above plot canopy) within plots using a LI-250
light meter (LI-COR Biosciences, Lincoln, NE, USA).
Soil physical and chemical variables were deter-
mined in fall and spring, and compared to expected
values for Louisiana mangrove habitat (Patterson &
Mendelssohn, 1991). Soil redox potential at 1 and
15 cm depths were determined using brightened
platinum electrodes (Patrick et al., 1996), and two
aliquots of soil pore-water were collected in the fall
and spring using interstitial sippers as described by
McKee et al. (1988). One aliquot of pore-water was
immediately preserved onsite for total sulfide deter-
mination within 24 h using an Orion 9616BN Silver/
Sulfide ion selective electrode (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA). A second aliquot of
pore-water was used for the determination of pH and
salinity within 15 min of sample collection using a
Beckman Phi 200 millivolt meter (Beckman Coulter,
Inc., Irving, TX, USA). Soil bulk density, percent
moisture, and organic matter (loss on ignition) were
determined annually as described in Sumner (2000).

Data analysis

For each year of the study, we analyzed the effect of
site (Caminada, Rockefeller, St. Bernard, Ocean
Springs) and canopy treatment (intact vs. removed)
on microclimate metrics (minimum temperature,
number of freeze events, cumulative hours below
0°C, and percent ambient light) using a two-way
analysis of variance (ANOVA) in JMP 9 (SAS
Institute Inc., Cary, NC, USA). Data from 2009 to
2010 were kept independent from 2010 to 2011 data
because some transplants had to be replaced in the
second year of the study. Significant treatment effects
were determined using Tukey’s Honest Significant
Differences (HSD) tests with alpha = 0.05. We ana-
lyzed the effects of site and canopy treatment on
survival, establishment, growth, edaphic characteris-
tics, and vegetative cover using a randomized block
factorial ANOVA framework with the block effect
nested within the site effect. Significant differences
between levels of main effects were determined using
Tukey’s Honest Significant Differences (HSD) tests
with alpha = 0.05.

At the conclusion of the study, we used nonlinear
regression analysis (Newton—Gauss method, JMP 9) to
solve for the minimum temperature at which there was

50% seedling survival (lethal temperature 50%, LT5)
using the following logistic function:

y= 1/(1 + e<LT5“_X>),

where y is the survival proportion of A. germinans
seedling (excluding herbivory), LTsq is the lethal
temperature at which 50% of seedlings died, and x is
the minimum temperature. We also tested for a
correlation between the minimum temperature and
the duration of the freeze event (in hours) in which the
minimum temperature was reached.

Results
Stress gradient and site characterization

Cold stress increased along sites from south to north,
and was intensified by removal of the S. alterniflora
canopy. In the winter of 2009-2010, minimum
temperatures were lower in the northern site compared
to mid-latitude and southern sites (site effect:
F,7 =345 P < 0.01, Table 1). The number of dis-
tinct freeze events and the cumulative duration of
freeze events (hours below 0°C) also increased from
southern to northern sites (site effect: F,; = 218.7,
P < 0.01, Table 1). Removal of the S. alterniflora
canopy resulted in a colder (more stressful) microcli-
mate within plots (canopy effect: F; 7 =6.0,
P =0.04, Table 1); plots with the canopy removed
had minimum temperatures that on average were 1°C
colder than those with the canopy intact (Table 1).
Similar trends were observed in the second winter
(2010-2011) as minimum temperatures again
decreased from south to north (site effect:
F5,, =722, P <0.01, Tukey’s HSD, Table 1) and
cumulative duration of freeze events increased from
south to north (site effect: F5;; =87.3, P <0.01,
Tukey’s HSD, Table 1). Minimum temperature and
cumulative duration of freeze events did not signifi-
cantly differ between the two mid-latitude sites
(Rockefeller and St. Bernard). The average effect of
canopy removal at all sites in the second winter
resulted in colder plot temperatures by 0.7°C (canopy
effect: Fy;; = 12.7, P < 0.01, Table 1) and an aver-
age of 22 h longer exposure to freezing temperatures
(canopy effect: F;;; =102, P <0.01, Table 1).
Light levels in plots with intact canopy treatments at
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Table 1 Minimum temperatures, number, and duration of freeze events, and mean (4 SE) relative ambient light recorded within
plots over 2 years (2009-2010 and 2010-2011) where the S. alterniflora canopy was either removed or left intact

Site Year Canopy Minimum Number of Cumulative Ambient
treatment* temperature (°C) freeze events hours below 0°C light (%)
Caminada 2009-2010 Intact — 3.8 6 44.75%
Southernmost Removed —4.6° 7 48.75%
2010-2011 Intact — 1.9 3 134 13 + 2€
Removed —3.0° 7 398 64 + 6"
Rockefeller 2009-2010 Intact —56° 19 123°
Mid-latitude Removed —63° 21 135.25°
20102011 Intact — 508 14 112€ 15 + 3¢
Removed - 508 15 139.5€ 43 +7®
St. Bernard 2010-2011 Intact — 438 16 107.5¢ 12 + 3¢
Mid-latitude Removed — 478 21 139.5¢ 81 + 34
Ocean Springs 2009-2010 Intact - 7.2°¢ 26 194.75¢
Northernmost Removed — 7.5¢ 28 208.25¢
2010-2011 Intact — 5.6 20 168.75° 24 + 3€
Removed — 6.8° 23 192.75"% 68 + 3°

Lower case letters indicate significant differences within 2009-2010 and upper case letters indicate significant differences within

2010-2011

*There was a significant effect of canopy on minimum temperature both years and on hours below 0°C in 2010-2011

all sites ranged between 12 and 24% of ambient above
canopy light levels, which was less than light levels in
plots with the canopy removed. Plots with canopy
removed at Rockefeller showed 43% of above canopy
light levels, and all other sites where canopy was
removed showed light levels at 64—81% of ambient,
above canopy, light (site x canopy effect:
F344=82,P <0.01, Table 1).

Vegetative cover was variable at sites (46—-68%
cover), with the greatest cover occurring at Caminada
the first year, and at St. Bernard and Rockefeller the
second year (P < 0.05 for comparisons among sites
over time, Table 2). Aboveground biomass was
greatest at Rockefeller, and least at Ocean Springs
(site effect: F3,6 =272, P <0.01, Table 2). The
northernmost site, Ocean Springs, consistently had the
greatest percent soil organic matter and percent
moisture compared to the other sites (P < 0.01 for
all comparisons between sites over time, Table 2).
Removal of the S. alterniflora canopy did not signif-
icantly affect pH, salinity, soil redox potential, or
sulfides (P > 0.05 for comparisons over time). Soil
porewater pH was variable between sites during the
study (Table 2), although the range of pH values from
6.6 to 7.6 is probably not ecologically significant.
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Salinity was approximately twice as high at Caminada
and Rockefeller as the one at St. Bernard and Ocean
Springs (P < 0.01 for all comparisons between sites
over time, Table 2). Interstitial sulfides and soil
reduction—oxidation potential at 1 and 15 cm depths
were indicative of moderately reduced soils (Table 2).

Survival and growth

In the first year of the study (2009 cohort), propagules
only survived at the southernmost site, Caminada
(Fig. 2a). Survivorship was low overall, resulting in a
lack of statistical difference in propagule survival
between sites or canopy treatment. Seedlings per-
formed better than propagules with greatest survival at
the southernmost site; Caminada had 77.5% seedling
survival on average, compared to 5% seedling survival
at Rockefeller and no survival at Ocean Springs (site
effect: F, 1, = 254.7, P < 0.01, Fig. 2b). By fall 2010,
Caminada seedlings in plots with the canopy removed
had 17 £ 1 leaves and seedlings in plots with the
canopy intact had 14 + 1 leaves, though the differ-
ence was not statistically significant (canopy effect:
Fi6=25.6,P =0.00).
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Fig. 2 Effect of site and S. alterniflora canopy treatment on
percent survival (mean £ SE, N = 4) of A. germinans a propag-
ules following the 2009-2010 winter at Caminada and Ocean
Springs; b seedling at Caminada, Rockefeller, and Ocean

Interestingly, we did observe that seedling survival at
the two northernmost sites (Ocean Springs and St.
Bernard) only occurred in plots with the canopy intact,
suggesting that the presence of surrounding vegetation
may ameliorate harsh conditions associated with
colder climates once A. germinans has reached the
seedling life-history stage. Also interesting, although
not statistically significant, at the northernmost sites
propagule survival only occurred in plots where
canopy was removed, suggesting that light availability
may play a crucial role in plant survival at younger
life-history stages. These observations suggest that the
frequency of facilitative and competitive interactions
between species not only shifts along a stress gradient,
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but changes throughout a species life history, as
canopy seemingly differentially affected A. germinans
depending on the plant’s life-history stage at the
northernmost site. However, results were not statisti-
cally significant, and we believe the low survivorship
(< 5%) of seedlings and propagules at the northern-
most site (Ocean Springs) suggests that cold temper-
ature stress likely overwhelmed any ameliorating or
competitive effects of the canopy. Ocean Springs
minimum temperatures recorded at seedling height in
the second year were below the A. germinans LTs,
calculated from this study (— 4.6°C), and were
approaching the — 7.0°C minimum temperature
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difference between site and canopy treatment

threshold for mangrove dominance in saline wetland
habitat (Osland et al., 2013).

Many environmental factors affect the establish-
ment of A. germinans, including temperature, light,
nutrient availability, salinity, hydrology, and dispersal
success (Krauss et al., 2008; Jones et al., 2016).
Positive effects of S. alterniflora may occur in habitats
where A. germinans survival and establishment is

100+

)
+

% + SE

Seedling Survival (

-4 -3 -2 -1
Minimum Temperature (°C)

Fig. 5 Mean (£ SE, N = 4) proportion A. germinans seedling
survival as a logistic function of minimum temperature. The
curved line represents the logistic function best fit, and the
vertical line at — 4.6°C denotes the point of inflection, equal to
the lethal temperature at which 50% survival is observed (LTs).
The gray region represents the 95% confidence intervals around
the LTSO

limited by herbivory. We observed that seedling
herbivory damage at St. Bernard was more severe in
plots with the canopy removed, resulting in live
seedlings being found only in plots with an intact
canopy. Regarding the ameliorating effect of S.
alterniflora on cold temperatures for A. germinans
propagules, positive interactions may be limited to
scenarios where winter temperatures are low and
propagules and seedlings are protected from freeze
damage by the presence of dense vegetation (Lugo &
Patterson, 1977; Sherrod & McMillan, 1985). Avicen-
nia germinans propagules can survive exposure to an
average temperature of — 6.5°C for up to 12 h
(Pickens & Hester, 2011); only plots with the canopy
removed at Ocean Springs were exposed to a mini-
mum temperature lower than — 6.5°C in the second
year of the study. At the southernmost site (Cami-
nada), propagule establishment was significantly
higher in plots where the canopy was removed (17%
vs. < 6%), suggesting that light availability is crucial
in the growth and development of young A. germinans
propagules into seedlings. In addition, the trend of low
(< 10%) propagule survival and establishment suc-
cess during this study is indicative of the stressful
conditions for establishment of this viviparous species
in coastal marshes (Alleman & Hester, 2011b). Our
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findings suggest that canopy, in sites where temper-
atures do not limit survival, may pose a greater
limitation to propagule survival and establishment
through decreasing light availability than cold
temperatures.

Shade intolerance and competitive exclusion by
other species has been well documented for A.
germinans and Avicennia marina propagules at
warmer, tropical latitudes (Rabinowitz, 1978b; Smith,
1987). Similarly, Guo et al. (2013) found that above-
ground biomass of A. germinans transplanted in marsh
along the southeastern Texas coast was greater when
surrounding marsh vegetation was absent. In our
study, the S. alterniflora canopy reduced light avail-
ability and temperature during the growing season. We
found seedling growth at the southernmost site of this
study (Caminada) was greater in plots with the canopy
removed, with seedlings producing roughly twice as
many leaves (Fig.4). We believe the increased
seedling growth in canopy removed plots at Caminada
was likely due to the increase in light availability
without lethal durations of freeze events. Our results
are consistent with a study that demonstrated a
reduced relative growth rate of A. germinans seedlings
grown at a low light level, similar to that of a dense
canopy, compared to a high light level indicative of a
canopy gap (McKee, 1995a).

Our study provides evidence that A. germinans can
establish and survive, for at least short periods of time,
at locations north of its current range limit as
propagules survived and established at all sites during
the second year of the study. Our study suggests that
the most influential factors on mangrove establish-
ment and survival were temperature, light availability,
and, although not the focus of this study, herbivory as
well; however, it is important to recognize that factors
outside of the scope of our research, such as edaphic
characteristics, hydrology, and precipitation may also
be highly influential on the establishment and survival
of this species (Feher et al., 2017). The hydrologic and
edaphic conditions of the four sites within this study
displayed some variability, though not in a way that
prohibited A. germinans establishment and growth.
For example, the salinity range of plots (11-24 ppt)
was well within the physiological limits of A. germi-
nans seedlings (McMillan, 1971; Alleman & Hester,
2011a). During the second year of our study the two
sites with greater salinity (24 ppt) also had greater
survival than the sites with lower salinity (11-14 ppt).
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Both field and greenhouse studies have demonstrated
that increased light availability promotes A. germinans
survivorship and growth in low salinity environments
(Lopez-Hoffman et al., 2007). Furthermore, the
flooding duration of our plots (24-40%) was within
the hydrologic threshold for A. germinans as found in
other studies (Rabinowitz, 1978a; Patterson et al.,
1997; Alleman & Hester, 2011b). Average porewater
temperatures at each site were greater than the
temperature minimum (15°C) for A. germinans root-
ing while floating in water (McMillan, 1971). Previous
research has suggested that propagule survival is
sensitive to the immediate surroundings during cold
temperature events, such as floating in water or being
located under debris (Sherrod & McMillan, 1985;
Pickens & Hester, 2011). Since propagules were
placed directly on the soil surface, as occurs with
natural stranding, the saturated soil likely buffered the
colder air temperatures. Following this logic, cold
temperature stress from south to north may not be as
severe for the propagule life-history stage of A.
germinans compared to seedlings.

Cold temperature stress creates a physiological
limit to mangrove survival (Stuart et al., 2007), and
future northward expansion of A.germinans in the
southeastern United States will likely be modulated by
winter climate (Osland et al., 2013). Sea-level rise and
anthropogenic alterations to hydrology may also
influence mangrove expansion by reducing previous
barriers and allowing propagules to disperse further
into marshes (Krauss et al., 2011; Raabe et al., 2012).
Mangrove expansion is also largely influenced by the
role of marsh vegetation structure to entrap propagules
(Peterson & Bell, 2012), and as shown in this study,
ameliorate stressful conditions associated with freeze
events for seedlings. The results of our study suggest
that the herbaceous canopy plays a dynamic role in
altering the microclimate and growing conditions for
A. germinans, by reducing the severity of minimum
temperatures and cumulative duration of freeze
events; however, at the cost of reducing light
availability.

The role of herbivory in plant invasions, and
possibly range expansions, has been debated (Maron
& Vila, 2001), but may be important for A. germinans.
It has been previously reported that herbivory (e.g.,
crab and insect) is a challenge to the survival,
establishment, and growth of A. germinans early
life-history stages (McKee, 1995b; Patterson et al.,
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1997; Delgado et al., 2001; McKee & Rooth, 2008).
While not the focus of this study, herbivory should be
recognized as an additional factor that may influence
range expansion as herbivory was observed at St.
Bernard in plots with the canopy removed. The role of
herbivory in A. germinans range expansion into colder
climates is still unknown, but our observations suggest
that a dense vegetative canopy may help to prevent
herbivory at the seedling life-history stage.

Conclusion

Freeze-intolerant Avicennia germinans trees are cur-
rently distributed throughout tropical and subtropical
latitudes in the Americas and Africa (IUCN, 2010).
With winter air temperatures becoming less extreme
with climate change, coastal mangrove forests are
expected to expand poleward into areas previously
dominated by graminoid-dominated salt marsh (Os-
land et al., 2013; Saintilan et al., 2014; Yando et al.,
2016). The ecotones at which these two habitat types
meet consist of dynamic patches of salt marsh and
newly established trees, and is largely controlled by
the severity of freeze events (Osland et al,
2015, 2016), as well as precipitation regimes (Yando
et al., 2016) and elevation (Rogers et al., 2005). The
replacement of grass-dominated marshes by mangrove
forests holds a variety of implications, notably
changes in ecosystem services provided, including
increased aboveground carbon pools (Doughty et al.,
2016; Yando et al., 2016), changes in peat develop-
ment and stability (Cahoon et al., 2013), and biolog-
ical communities supported (Clarke & Hannon, 1967).
Understanding interactions between A. germinans and
other species, as well as colonization and dispersal
dynamics, at its poleward limits as temperature
averages change is essential to understanding coastal
ecosystem response to climate change.

Our research describes the impact of herbaceous
marsh vegetation on winter conditions experienced by
A. germinans early life-history stages at and beyond
the limits of its current range. Specifically, the
herbaceous canopy provides a microclimate that
reduces the severity of freeze events (i.e., warmer
temperatures and shorter durations of temperatures
below 0°C). Given the narrow window of seedling
survival of temperatures below freezing (Fig. 5 and
Osland et al., 2013), the presence of the herbaceous

marsh canopy may be a critical factor in the persis-
tence and expansion of seedlings at the limit of their
range. A warming climate may further increase
opportunities for expansion through this facilitative
mechanism. However, propagule establishment and
survival may still be limited by other factors, such as
light availability, at the edge of its range.

This study elucidates competitive and facilitative
interactions between herbaceous marsh canopy and
early life-history stages of A. germinans, particularly
the modulation of the microclimate for seedlings
during freeze events at and beyond the limit of their
range. As annual average global temperatures con-
tinue to rise, temperature-limited A. germinans are
able to expand their range poleward into salt marshes
(Osland et al., 2013; Saintilan et al., 2014; Yando
et al., 2016). The resulting changes in plant-commu-
nity structure and marsh-to-woody shrub ecotone
provide an opportunity to explore numerous ecolog-
ical questions pertinent to land-management concerns.
Restoration efforts in coastal wetlands of the northern
Gulf of Mexico often rely on planting of mangrove
seedlings or dispersal of propagules (Ellison, 2000;
Kairo et al., 2001; Lewis, 2005). Typically, these
plantings occur alongside manual plantings of S.
alterniflora, or are geographically located adjacent to
S. alterniflora marsh. The success of these restoration
efforts, and our ability to predict future changes to
coastal ecosystem structure and function, depends on
our knowledge of the competitive and/or facultative
interactions between these two important species
under the constraining forces of abiotic parameters.
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