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ABSTRACT 

Human-driven climate change is increasing the global range of Avicennia germinans 

(L.) L., especially in communities in the Gulf of Mexico. Avicennia germinans propagules 

establish in salt marshes along the Texas coast with high maternal energy invested in propagules 

that can withstand abiotic environmental fluctuations. As these systems shift in dominance from 

herbaceous to woody plants, biotic interactions, including energy transfer from a maternal plant 

to its offspring, can affect the rate of change. Modifications in dispersal patterns and propagule 

recruitment drive the population biology and subsequent community interactions within 

mangrove-marsh ecotones. Fluctuations in nutrient availability, particularly with nitrogen and 

phosphorus as limiting factors, influence the reproductive output of A. germinans.  

This research analyzed the effects of maternal A. germinans shrub fertilization, soil 

fertilization in early propagule and seedling growth stages, and the combination of maternal and 

soil fertilization on propagule establishment, survival, and growth. Higher propagule weights 

significantly increased percent survival and height across all treatment types. Nitrogen (N) 

additions to the soil increased percent survival, and the combination of N maternal-shrub 

fertilization and N-seedling soil fertilization increased growth of seedlings in height and leaf 

production. Seedlings growing in phosphorus (P) soil had increased leaf production and the 

combination of maternal P and soil NP greatly increased leaf production. 

Propagule response to varying freezing temperatures in Corpus Christi and South Padre 

Island was analyzed using maternal-shrub fertilized and unfertilized propagules. Experiencing a 

harsh freeze (-8°C) for two hours, significantly reduced survival across all maternal treatments, 

with a 20% overall survival. Thus, A. germinans populations will not be wiped out by a single -

8°C freeze and could possibly experience rapid recruitment from surviving propagules, leading 
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to local adaptation. Propagules harvested from South Padre Island, a more southern location on 

the Texas coast, grew taller as seedlings and had higher survival rates during a lighter freeze (-

2°C), and produced more leaves during a harsher freeze (-8°C). Nitrogen maternal-shrub 

fertilization increased growth of Corpus Christi propagules, but only during the -2° freeze 

treatment. 

Assessing mangrove survival and growth in salt marshes under varying nutrient 

conditions will provide insight into where A. germinans will become dominant as their global 

livable range expands. Growth benefits from fertilizer additions parent plants and the substrate 

during the seedling stage could indicate areas of future A. germinans “hotspots” where the 

propagules produced may have increased viability, a larger growth form, and be more able to 

withstand freezing temperatures as populations spread farther north. 
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CHAPTER 1: INTRODUCTION 

Coastal salt marshes are diverse communities of primarily herbaceous plants that provide 

many ecosystem services. In the Gulf of Mexico, range expansion of Avicennia germinans (L) L. 

(black mangrove) due to climate change is causing substantial changes in dominance and 

physical structure within these systems. From 1990 to 2010, salt marsh acreage on the Western 

Gulf Coast declined by 24% due to the combined effects of human development, conversion to 

tidal flats as a result of sea level rise, and mangrove encroachment, while mangrove cover 

increased in area by 74% (Armitage et al. 2015). The physical changes that humans are causing 

in salt marshes are amplified in areas which are experiencing rising water temperatures, 

including the Gulf of Mexico, which had a 0.31°C increase in net sea surface temperature from 

1982-2006 (Belkin 2009). In Texas, air temperatures have been increasing during the 21st 

century, based on scaled-down Intergovernmental Panel on Climate Change (IPCC) models, with 

increases in Southeastern Texas predicted between 2 - 3.2°C. However, future projections for 

precipitation are unclear under varying climate scenarios (Jiang & Yang 2012). The continued 

warming of global temperatures supports predictions for the encroachment of A. germinans in 

the Gulf of Mexico into salt marshes and subsequent domination by this woody species 

(Cavanaugh et al. 2014, Armitage et al. 2015, Osland et al. 2019). 

The role of excess nutrients in the balance between marsh and mangrove dominance is 

somewhat obscure. Clearly, both marsh and mangrove plants respond to increased levels of 

nutrients (Feller et al. 2007, Darby et al. 2008, Reef et al. 2010, Sousa et al. 2010, Weaver & 

Armitage 2018). One hypothesis is that woody mangroves will survive better and grow faster in 

high nutrient conditions and thus replacement of salt marsh would be accelerated (Dangremond 

et al. 2019). Alternatively, in mangrove forests, high nutrients can increase the adverse effects of 
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hurricanes, e.g. significant defoliation and broken stems, which should lead to greater light 

penetration (Feller et al. 2015). Increased light may allow growth of patches of marsh plants that 

may either reduce or increase the rate of conversion to more mangroves. Thus, it is unclear how 

variation in nutrient input affects the extent and rate of shift from marsh to mangroves. One 

major theme of my research is to shed light on the effects of nutrient composition in the salt 

marsh sediment on which mangrove seedlings are better able to establish in coastal systems and 

pass along nutrient benefits to the next generation through maternal stores in the propagules. 

Another main theme is the effects of freezing temperatures encountered in some winters, 

especially in northern locales, and interactions of freezing and nutrient availability on mangrove 

seedling establishment and growth.  

 Whether propagules produced by plants exposed to excess nutrients have an advantage 

in recruitment and early growth is not well understood. Maternal energy passed along to a 

subsequent generation can have significant effects on mangrove growth and reproduction. For 

the duration of these experiments, the term ‘maternal’ refers to the plant that a propagule was 

removed from, and ‘maternal fertilization’ refers to the specific nutrient amendment that the 

maternal shrub was treated with prior to producing the propagules collected for this experiment.  

In a fertilization experiment at Twin Cays, Belize, the addition of nitrogen (N) to tall (5-6 

m) Rhizophora mangle along the forest fringe increased plant growth (i.e. shoot elongation or

leaf and shoot production). However, for shrub R. mangle in the interior of that forest, 

phosphorus (P) additions caused significantly more leaf and shoot production than N (Feller et 

al. 2003a). In contrast, in the Indian River Lagoon (IRL) in Florida, both fringe and shrub A. 

germinans responded similarly to N addition (Feller et al. 2003b). This differentiation indicated 

that shrub mangroves are N limited in the IRL and P limited in Belize. For shrub A. germinans in 
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Belize, which are typically between 1 and 1.4 m tall, P amendments also increased growth of 

leaves and shoots (Feller et al. 2007). Growth and canopy biomass varied between experimental 

locations, with older trees in Belize and younger trees in the IRL. But in the IRL, shrub A. 

germinans were positively affected by N additions and unresponsive to P (Feller et al. 2007). 

Interestingly, N fertilized trees in the IRL also had increased herbivory by Telmasylla sp. and 

Leuronotoa sp. (two species of psyllid leaf gallers), indicating that nutrient availability indirectly 

impact organisms at higher trophic levels in the canopy (Feller et al. 2007). Similar to the IRL 

and Belize, the coast of Texas has extensive stands of shrub mangroves. An on-going nutrient 

fertilization experiment, including the site in Corpus Christi, Texas where the propagules used in 

my experiment were collected, show positive growth responses (although more in canopy 

diameter than height) to nitrogen and phosphorus (Proffitt, Devlin, & Feller, unpublished). 

The range of A. germinans is limited to tropical and subtropical climates. Based on 

historical records, A. germinans has been further north than the current range limit and its range 

has advanced and contracted multiple times over the past 300 years (Cavanaugh et al 2019).  

However, as global temperatures increase, populations are moving ever poleward and the current 

expansion may be permanent (Sandoval-Castro et al. 2014, Cavanaugh et al. 2019). Avicennia 

germinans appear to have temperature thresholds for mortality and damage, with mature shrubs 

suffering major die-off events as temperatures reach -7°C (Osland et al. 2019). The range for 

complete mortality of a community is estimated to be between -7° and -10 °C (Osland et al. 

2019). Decreases in the frequency of major freezing events, when temperatures fall below -4°C, 

allow seedlings to survive throughout winter months, leading to higher than average annual 

recruitment (Cavanaugh et al. 2014). On the eastern United States coast, the northern threshold 

for populations of A. germinans is along Nassau Sound, Florida, but this boundary may advance 
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further northward given the current warming climate (Cavanaugh et al. 2014, 2019). Avicennia 

germinans populations are also expanding on the Texas coast (Armitage et al. 2015) and 

Louisiana (Michot et al 2010). Increasing knowledge regarding temperature limitations of 

mangroves will help predict future boundaries in estuarine areas where tropical and semi-tropical 

plants are thriving; specifically, where A. germinans could establish and dominate in the coming 

years. 

As A. germinans move northwards in the United States, a new question arises regarding 

the limitations of colonization: which winter temperature will be the coldest survivable freeze for 

unrooted propagules? Avicennia germinans faces harsher winters when propagules establish 

outside of their current range, but as the winter temperatures warm, new locations become part of 

the livable range. Compared to more tropical populations, A. germinans on the coast of Texas 

have a greater tolerance for cold temperatures likely due in part to increased oleic acid in their 

lipid, similar to plants from more temperate regions when they are several years old (Markley et. 

al 1981). Furthermore, when comparing seedlings from different latitudes, A. germinans from 

more tropical locations (e.g. Belize and Panama) experience increased leaf damage due to 

freezing events compared to Texas populations (Markley et al. 1982). Freeze tolerance could be 

due to a variety of mechanisms including glycine betaine accumulation, aiding in osmoregulation 

and photosynthesis during periods of stress (Hayes et al. 2019).  

Temperature thresholds for A. germinans mortality may be dependent on the location of 

the population and the distance from the tropics, which can be a predictor of past temperature 

fluctuations and frequency of freezing events (Osland et al. 2019). Kennedy et al. (2020) found 

that some traits, including leaf size and shape, vary among populations in Texas and the east and 
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west coasts of Florida, possibly due to geographic barriers. These and other traits that vary with 

location may mediate mortality during stressor events.  

Populations of A. germinans adapted to different environments may have an ability to 

withstand colder temperatures (Markley et al. 1982), and such differences could be associated 

with traits of either a genetic basis or a plasticity to environmental conditions. The progeny of 

plants that survive single or repeated stress events such as below-freezing temperatures may be 

adapted to these events and, thus, may be more likely to survive a future event. Localized genetic 

adaptations can result from routine stressor events, such as tidal flooding regimes, from natural 

selection (Davy et al. 1990, Espeland & Rice 2007). Similarly, adaptations perhaps due to 

phenotypic plasticity may have occurred on the Texas coast as A. germinans populations survive 

repeated winter freezes.  

Several authors have studied the effects of freezing winter temperatures on A. germinans 

seedlings with surrounding abiotic and biotic factors. Increasing the duration of a freeze from 

zero to four hours significantly increased the mortality of A. germinans seedlings, although both 

elevated salinity (i.e., 40 PSU) and the presence of other salt marsh plants (Distichlis spicata and 

Salicornia virginica) during four-hour freezes improved seedling survival when compared to 

isolated seedlings without the surrounding plants (Coldren & Proffitt 2017). While freezing 

temperatures are detrimental to seedling survival, propagules harvested from maternal trees in 

Texas and Florida show glycine betaine accumulation as a response to freezing stress (Hayes et 

al. 2019). Global increases in winter temperatures paired with decreases in freezing-event 

frequency are likely increasing survival rates for young seedlings near the species range margins. 

Therefore, more young mangrove plants may be surviving after each reproductive season, 

especially those with freeze-tolerance mechanisms.   
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Winter weather shifts will likely change the distribution of mangroves in the future. 

Future climate change scenarios predict decreasingly harsh winters as well as an increasing 

number of storms, which could cause shifts in coastal ecosystems. Although shifts in rainfall are 

predicted to be relatively small, seasonal differences may be important to seedling survival 

(Houghton et al. 2001, Jiang & Yang 2012). In some cases, storms that occur inland are likely to 

disperse high levels of nutrients into wetlands from agricultural and industrial runoff. The 

estuaries along the Texas coast, including those in and around Corpus Christi, will also be 

significantly affected by rising sea level, possibly reducing salinity in hypersaline estuaries 

(Montagna et al. 2007). Trends in propagule dispersal, establishment, survival, and seedling 

growth relative to nutrient availability and freezing events, must be identified to increase the 

accuracy of our predictions regarding the rate of change from marsh to mangrove-dominated 

coastal environments.  

Biodiversity along the coast of Texas is driven by a number of natural environmental 

gradients (e.g., precipitation, salinity, tidal range, soil type, nutrient status, etc.) (Feher et al. 

2017) and is influenced by interactions among plant species, as well as activities of fauna (e.g., 

burrowing and grazing). Texas salt marsh communities vary in species dominance, including 

mangrove, grasses, or forbs, depending on temperature and precipitation (Gabler et al. 2017).  

It seems likely that both freezes and nutrients will strongly influence A. germinans 

reproductive vitality and recruitment, which will affect the extent and rate at which A. germinans 

replace salt marsh species. The future expansion of A. germinans in the Gulf of Mexico will be 

dependent on: a) freeze intensity and duration, but with the influence of nutrients modulating the 

effects of freezes, b) local adaptation, and c) changes in rainfall and runoff that influence 

salinities and nutrients, d) sea level rise which will affect salinities and duration of flooding, and 
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e) interactions among existing marsh plants and mangrove propagules/seedlings. My

experiments address components of factors a and b. The predicted effects of these nutrient 

deposition and freezing temperatures are shown in a conceptual model (Fig. 1), and both freeze 

(lowest temperature reached -2 or -8 C) and nutrient (i.e., on maternal stored reserves, and 

nutrients in soil / sediment where seedlings are establishing) effects were studied in separate 

experiments. The primary objectives of these experiments are to make predictions regarding the 

impacts of increased nutrients (when applied either to seedlings directly or to their parent plants) 

and freezing temperatures on the establishment of A. germinans propagules. Assessments of A. 

germinans survival and growth under varying freezing conditions and sources of nutrients (i.e., 

whether from nutrients in the soil or received from a maternal plant and stored in propagules) 

will provide insight into how well this species will survive as their livable temperature range 

expands in the Gulf of Mexico. Nutrient availability could then be used as a predictor of “hot-

spots” of mangrove reproduction and growth as the population range expands northward.  

In experiment 1, I analyzed the effects of nutrient deposition directly from soil to 

propagule and indirectly through maternal plant fertilization. Propagules were harvested from  

nutrient-treated maternal shrubs and planted in nutrient-treated soils. In experiment 2, I assessed 

the effects of freezing on A. germinans, harvesting propagules from the experimental plots in 

Corpus Christi (fertilized and unfertilized) and another site in the Laguna Madre north of Boca 

Chica State Park on South Padre Island. Avicennia germinans propagules collected from 

mangroves in Corpus Christi, Texas may be adapted or pre-adapted (Henery et al. 2010) to 

survive freezes, or have a tolerance to some level of cold, while propagules collected from South 

Padre Island (SPI), Texas, a population approximately 210 km further south than Corpus Christi 
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where freezing temperatures are much less common, might experience higher mortality rates 

when exposed to the same temperatures. 

These findings will help make predictions as to where mangroves will be likely to 

dominate relative to soil nutrient conditions and livable temperature thresholds. Trends in 

propagule dispersal, establishment, survival, and seedling growth relative to nutrient availability 

and freezing events, must be identified to increase the accuracy of our predictions regarding the 

rate of change from marsh to mangrove-dominated coastal environments. 

The research hypotheses for this experiment are as follows: 

Part 1: Maternal shrub and seedling soil fertilization treatments 

1. Propagules produced by maternal A. germinans shrubs receiving nutrient 

amendments will have a survival and growth advantage compared to propagules 

produced by control shrubs. Explanation: population growth may be enhanced if 

propagules gain an advantage from greater quantities or quality of stored reserves, 

which may be the case for maternal plants grown in nutrient rich areas. 

2. Planting A. germinans propagules in soils receiving nutrient amendments will 

increase establishment success. Explanation: preliminary growth data (Proffitt, 

Devlin, & Feller, unpublished) indicate that A. germinans shrubs in the study site are 

experiencing enhanced growth and reproductive output when fertilized with N or 

NP.  Therefore, I predict that N and NP treatments will have the greatest effect on 

seedling growth after establishment.  

3. The combined effects of maternal and soil fertilization N and NP will positively 

affect survival and growth of A. germinans. Explanation: this will be tested in the 

maternal x soil nutrient interaction term. If seedlings survive and grow best when in 
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N or NP fertilized soil or when their maternal shrub was grown in N or NP fertilized 

soil, then the combination of the two may provide the most benefit to seedling 

establishment and growth. In particular, the N and NP treatments will have the 

greatest positive effect, as a result of the maternal shrubs positively responding to 

these treatments.  

Part 2: Maternal plant fertilization and freeze effects on propagule success 

1. Mortality will be greatest in A. germinans when propagules are frozen to -8°C,

followed by propagules frozen to -2°C, and the control temperatures will have

the greatest number of survivors. Explanation: colder temperatures will cause

increased damage, as A. germinans thrives at tropical/subtropical latitudes. The

control flats, reaching a low temperature of +2°C, will have the greatest survival rates

because of the lack of damage due to temperature stressors.

2. Propagules collected from Corpus Christi will have greater survival across all

freeze treatments compared to propagules collected from South Padre Island.

Explanation: if local populations are adapting to colder climes, then propagules

collected from a more southern location on the Texas coast that experiences warmer

winter temperatures may not fare as well as ones collected from slightly more

northern locales.

3. Propagules produced by maternal A. germinans plants receiving nutrient

amendments of N or P will have reduced survival when the effects are combined

with the freezing treatments. If fertilization of maternal plants lead to growth

effects in their propagules, there may be increases in growth but not stability in the

environment for seedlings similar to mature A. germinans in Feller et al. 2015, and
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thus, freezing temperatures will cause significant damage and reduce survival. An 

alternative pathway (Fig. 1) is that nutrients provide growth benefits to propagules, 

enabling them to better survive a freeze event. 
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Figure 1: Conceptual model connecting the two studies, nutrients and freezing, through
mangrove reproduction and growth. Nutrient additions are hypothesized to have a positive 
growth effect on mature Avicennia germinans as well as their propagules. Freezes are 
hypothesized to have a negative effect on mature shrubs and their propagules. The future of 
mangroves replacing salt marshes is reliant on reproductive success, thus propagule viability 
before, during, and after establishment, and subsequent growth as seedlings. The third hypothesis 
for experiment 2, would combine the positive effects on seedling growth with a negative 
response to the freeze, leading to an overall negative effect on seedling growth.

Maternal plant 
size and vitality
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CHAPTER 2: LONG-TERM FERTILIZATION, MATERNAL SHRUB FERTILIZATION 
AND SOIL SEEDLING FERTILIZATION METHODS AND RESULTS 

 
Study Location and Long-Term Fertilization Experiment 
 

Proffitt et al. (unpublished, on-going) established a fertilization experiment in summer 

2017 in a mixed marsh-mangrove system adjacent to the Texas A&M University - Corpus 

Christi (TAMU-CC) campus on Ward Island in Corpus Christi, TX. Nutrient treatments, applied 

into soil of the root zone twice a year, included nitrogen (N), phosphorus (P), NP, Iron (Fe), and 

control (n = 8 replicates of each) on the eastern end of Ward Island in a completely random 

design. Fertilization amendments are re-applied approximately every 6 months into 30 cm deep 

holes on two sides of each target mangrove. Soil cores are removed, then replaced after 

fertilizers are installed in the holes in dialysis tube bags if flooded, or just poured in if dry. In the 

controls, the soil core is removed and then replaced. Total weights of each fertilization treatment 

are 200 g. Early results indicate that A. germinans shrubs respond to N, NP, and perhaps P, via 

growth in canopy area and production of more propagules (Proffitt et al. unpublished data). 

Preliminary results indicate that the mangroves were nutrient limited, possibly because water 

exchange with CC Bay diluted the effects of wastewater plant discharging into Oso Bay, west of 

campus (Wetz et al. 2016). The majority of the substrate in the salt marshes is marine / riverine 

derived sediment forming the basis for the soil. 

The study area was located on the eastern side of the TAMU-CC campus on Ward Island, 

close to the open water connection with Corpus Christi (CC) Bay, in high salinity, drought-

stressed marshes dominated by succulent species such as Batis maritima and Salicornia 

bigelovii. The island is connected to the mainland by a causeway, that continues on to the Corpus 

Christi Naval Air Station. The causeway divides the larger, higher wave energy Corpus Christi 

Bay and low energy Oso Bay. The marsh site is located on microtidal (< 0.5 m during the winter, 
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> 0.25 in the summer) Oso Bay. The incline of marsh is gradual. The entire site is covered with a

shallow lens of water throughout much of the year, although it can dry down substantially 

especially in parts of summer, but the length of exposure appears to vary by year. Batis maritima 

is dominant at the lowest elevations, although Spartina alterniflora also occurs in small, 

somewhat ephemeral, patches at the water’s edge. Batis maritima grades into S. bigelovii, and 

these species co-dominate over much of the area. At slightly higher elevations Distichlis 

littoralis gradually becomes dominant and, mixed Lycium carolinianum, Limonium carolinianum 

form a cover at highest elevations with some Sarcocornia sp. in lower densities (Field 

observations, unpublished data of Proffitt et al.). Further from open water, the marsh grades 

down slightly and is again dominated by B. maritima that gives way to Borrichia frutescens on 

the berm leading to the causeway.  

Fiddler crabs (generally Uca rapex and Uca panacea) are common in these salt marshes. 

These small crabs are bioturbators and aerate the soil, but in the process, they incidentally bury 

A. germinans propagules, which adversely affects the establishment of seedlings (Kristenson &

Alongi 2006, Langston et al. 2017, Devlin unpublished data from Ward Island). Bird 

assemblages, including reddish egrets, great blue herons, roseate spoonbills, and ibis, rely on the 

salt marshes on Ward Island and are frequently seen foraging for food and nesting. 

On Ward Island, no mangroves can be seen in the archival imagery before 2002. Later 

aerial photographs (Fig. 2) indicate that the majority of the current A. germinans colonized the 

marshes along Oso Bay within the last 15 years, quickly changing the area from marsh to a 

mangrove-marsh ecotone, and with some areas on the east side of campus having mangroves 

greater than 2.7 m tall and a completely closed canopy. The high reproductive output and 

recruitment of A. germinans (Hoffman et al. unpublished data) suggests that the populations of 
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mangroves on Ward Island will continue to increase for the foreseeable future until most 

marshland is colonized. On the southwest side of the island near the upland edge, there are at 

least 10 A. germinans standing above 4 m tall and with trunks up to 93 mm DBH (Hoffman et al. 

unpublished data). However, the majority of the mature plants are shrubs, 1.5 - 3 m. The 

fertilization plots chosen for the experiment are not dominated by the A. germinans currently and 

have relatively high diversity of marsh species. 

Experiment 1 Methods 

The experimental design involved planting A. germinans propagules collected from 

specific maternal plants of known nutrient history to analyze the effects of: a) fertilizing these 

plants (i.e. effects on their propagules), b) amendment treatments in the soil on early seedling 

establishment and growth, and c) the combination of maternal and planting soil fertilization. My 

research built upon the previously discussed field experiments by collecting approximately 15 

propagules from each replicate maternal plant and planting these propagules dispersed in a 

stratified random fashion (randomized complete block design) back into each experimental 

treatment soils taken from these experimental plots (Table 1).  

Propagules from the fertilized plants were individually measured, tagged, and planted 

into individual peat pots (Jiffy Planters) filled with soil from the experimental plots. The planting 

design is outlined in Table 1, and the complete planting schematic is in Table 2. Due to a limited 

number of propagules on the maternal plants at the time of collection (Feb 2019), each individual 

maternal plant’s propagules were planted twice per soil type. For example, 10 propagules from 

the N3 plant were planted in soil types C9, C19, N12, N28, P7, P29, NP6, NP30, Fe14, and 

Fe28. Propagules were arranged vertically on top of the soil surface. After the initial planting in 
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the peat pots, propagules were kept in an outdoor, partially sunny environment for 30 weeks, 

experiencing temperatures ranging from 3.9°C to 38.9°C. Temperatures in the first month after 

being moved outside ranged from 11.1°C to 34.4°C.  

The pots were kept in randomized blocks (i.e. in compartmentalized greenhouse flats to 

maintain water levels) in natural salt water, between 30-35 ppt. These flats were watered twice 

weekly with salt water, with fresh tap water added throughout the growth period and evenly 

distributed when necessary to keep the salinity balance in the correct range. The blocking design 

within and among the flats was designed to separate the propagules based on soil type and 

maintain water levels. There were four blocks per soil type and the locations of the individuals 

were randomized by maternal plant fertilization for a total of 20 blocks. Each block held between 

15 and 18 propagules and had approximately even numbers of each maternal type (e.g. 3 

propagules from control plants, 3 propagules N plants, 3 propagules NP plants, 3 propagules P 

plants, and 3 propagules Fe plants). The location of the blocks, which were arranged in a four-

block by five-block rectangle, were changed once a month in a random order. Plants were 

maintained outside with morning partial shade and afternoon mostly full sunlight. 

In the initial planting period (i.e. the first two weeks), propagule survival was recorded 

daily. From March to September 2019 (30 weeks), survival and changes in growth were recorded 

monthly. Height, leaf production (i.e. number of leaves and leaf scars), number of stems, and the 

presence of herbivory were documented to further analyze the differences in growth between the 

fertilized and unfertilized propagules. 

Statistical Analysis: The main effects of maternal plant fertilization treatment (i.e. the 

nutrient amendment that the propagule’s maternal shrub received), ground seedling soil 

fertilization treatment (soil collected from plots with nutrient amendments), and their interaction 
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(maternal x ground treatments) on the establishment and growth of propagules were determined 

using a two-way ANCOVA for continuous (growth) response variables using propagule size as a 

covariate. Initial propagule size was analyzed by two-way ANOVA. Survival and growth (i.e. 

number of stems and leaves produced by the seedlings) were analyzed for treatment effects. 

Generalized linear modeling testing against the binomial distribution was used to determine if 

maternal treatment has an effect on survival of propagules. Survival was analyzed against 

maternal plant fertilization, soil fertilization, maternal x soil fertilization interaction, propagule 

size as a covariate, and the planting block. Seedling growth metrics, including number of leaves 

and stems produced, were analyzed for effects of maternal pre-fertilization, soil fertilization, 

maternal x soil fertilization, and initial propagule size using ANCOVA and testing against the 

normal distribution. Parameter estimates of effects (as an indication of effect size) for the 

different treatments are also included as well as calculated p-values (Smith 2020). I selected a 

priori a critical alpha of 0.05, although relaxed this to 0.1 in some cases, especially at later times, 

because of reduced replication resulting from seedling mortality. 

 
Experiment 1 Results 
 

All maternal plant nutrient amendments yielded a negative effect on propagule size at 

time of collection compared to the control (complete ANOVA results, Appendix Table A2). 

Propagules from maternal N fertilization plants were significantly smaller in length (F4,346 = 

2.8926, p < 0.0035) width (F4,346 = 2.8926, p < 0.0022), and weight (F4,346 = 2.8926, p < 0.0043), 

weighing on average, 19.95 mg less than the control propagules (Table 4). Iron-fertilized plants 

had a strong negative effect size on weight, reducing propagule size -11.74 mg (Appendix A2). 

Propagules from P-fertilized plants were the most similar in size to the propagules from the 

control plant. Maternal N-fertilized plants produced higher numbers of propagules during the 
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2018-2019 reproductive season than the control plants and other treatments (Proffitt et al. 

unpublished data). These were significantly smaller than control propagules, indicating a 

possible trade-off in maternal A. germinans plants between the size of propagules and number of 

propagules produced. 

Percent mortality was high in several maternal cohort x soil treatment combinations. At 

the experiment initiation, there were 9-17 replicates of each combination of maternal and soil 

treatments (Table 3). At the conclusion of the experiment (30 weeks), there were between 0 and 

4 replicates of each combination in which seedlings survived. There were no survivors in the 

following eight treatments: maternal C x soil Fe; maternal N x soil C; maternal N x soil NP; 

maternal P x soil C; maternal P x soil Fe; Maternal NP x soil NP; maternal Fe x soil NP; and 

maternal Fe x soil Fe. Complete results of generalized linear modeling of survival analysis with 

model estimates are given in Appendix Table A3. 

Propagule weight significantly increased survival, with a 1 g increase in weight leading to 

a 29.7% increase in survival (F1,346 = 4.5645, p < 0.0238, estimate = 0.007). The weight of 

propagules of surviving seedlings ranged from 0.29 - 2.78 g, averaging 1.13 g. Length ranged 

from 1.0 - 2.7 cm, averaging 1.90 cm. Final seedling heights ranged from 5.0 - 20.2 cm (Fig. 4). 

Height of the F1 progeny from the control plants ranged from 5 - 11.6 cm with 4 - 12 leaves. On 

average, the period of time with the largest increase in height was during the month immediately 

following the production of the first leaf pair, between nine and 15 weeks.  

Overall survival during the 30-week growth period (Table 4), did not vary with maternal 

plant fertilization treatment, seedling soil treatment, or any combination of soil x maternal plant 

treatments at an alpha = 0.05 level. At alpha = 0.10, survival was significantly greater for 

propagules planted in N soil (F4,346 = 0.2436, p < 0.098, estimate = 1.295, probability of survival 
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= 60.5%). Survival was decreased for propagules with the combination of maternal plant N + NP 

soil (F16,347 = 30.9931, p < 0.0820, estimate = -1.961, probability of survival = 5.6%) and the 

combination of maternal NP + N soil (F16,346 = 30.9931, p < 0.0921, estimate = -1.826, 

probability of survival= 6.3%). There was no significant block effect. All mortality was seen in 

the propagule phase. All propagules that rooted and produced shoots and leaves, a total of 26, 

survived throughout the experiment. There was 100% survival (i.e. all propagules were green) 

throughout the first month. However, fewer than half (43.5%) of the 347 propagules survived the 

first six weeks (Fig. 3). A small percentage (7.5%) survived the first 16 weeks, successfully 

rooted and produced between two and eight leaves. These seedlings survived through October 

2019 when the experiment was terminated.  

There were significant differences in height and leaf production among surviving 

seedlings (ANCOVA, Table 4, Appendix A4 and A5) in some treatments relative to the control 

from May through September. Progeny from plants fertilized with NP grew taller than seedlings 

from all other treatments (F4,25 =1.0643, p < 0.0942, estimate = 4.57 cm). There was a positive 

interaction resulting for increased growth (i.e. height and leaf production) for the combination of 

maternal N and N soil (F8,25=3.2829, p < 0.0437, estimate = 5.27 leaves). The covariate, 

propagule weight, was positively associated with seedling height (F1,25 = 35.668, p < 0.0554, 

slope estimate = 0.409) probably because of more stored reserves available in larger 

propagules. In contrast, N- (F4,25 = 3.9143, p < 0.0039, estimate = -7.23 leaves) and P- (F4,25 = 

3.9143, p < 0.0020, estimate = -6.75 leaves) fertilized maternal plants had a negative effect on 

leaf production for all F1 progeny. The propagule weight covariate did not significantly affect 

leaf production. Most growth in height and leaf production occurred after the cotyledons had 

dropped indicating that fertilization had long-lasting effects that were likely not only associated 
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with differences in energy stored in the cotyledons. Leaf production increased for seedlings 

grown in P soil (F4,5=3.6069, p < 0.0307, estimate = 4.95 leaves), seedlings from maternal P 

plants with NP soil (F8,25=3.2829, p < 0.0020, estimate = 10.35 leaves), and seedlings from 

maternal P plants with N soil (F8,25=3.2829, p < 0.0792, estimate = 3.85 leaves). Lastly, the 

amount of Fe added to the soil may have had suppressive effects on seedlings, as Fe soil 

negatively affected seedling height (F4,25 = 1.0643, p < 0.0692, estimate = -4.24 cm at alpha = 

0.10).  

To summarize, nutrient amendments, both added through the maternal plant fertilization 

and in the soil affected survival at a critical alpha of 0.10. Seedling growth, as measured by leaf 

production and height, were significantly affected by maternal plant fertilization and soil 

treatment, increasing with N additions and decreasing with Fe additions. There were several 

responses to nutrient amendments observed in the seedling stage including: decreasing growth 

with iron amendments; decreasing leaf production with maternal N and P; increasing height with 

N and P amendments; and increasing survival due to N in the soil. 
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Figure 2: Google Earth archival figures: 2002 Imagery (top two images), 2009 Imagery, (middle 
two images), and 2019 Imagery (bottom two images) of Ward Island in Corpus Christi. The 
fertilization plots are located to the right of campus and magnified in the images on the righthand 
side. Images via Google Earth Archives. 
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Table 1: Experimental design for propagules in Experiment 1. This experiment will compare the 
effects of soil fertilization, maternal fertilization, and the intersection of soil and maternal 
fertilization. Weight, length, and width of propagules will be analyzed as a covariate. 
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Table 2: Full planting design for Experiment 1. Maternal plots (maternal fertilization) where 
propagules were harvested are listed on the top of the table. Soil that the propagules were planted 
into (soil treatment) are listed on the left-hand side. The difference in shading was used to 
differentiate the replicates for each combination of maternal fertilization and soil treatment. 
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Table 3: Table of the combinations of planted propagules at the start of Experiment 1 and the 
combinations of surviving seedlings at the end of Experiment 1 (26 weeks). 9-17 replicates of 
each combination of treatments were planted with 0-4 survivors. 

STARTING Maternal C Maternal N Maternal P Maternal NP Maternal Fe 

Soil C 16 14 17 16 17 

Soil N 13 13 14 13 13 

Soil P 15 15 15 16 15 

Soil NP 15 16 16 15 16 

Soil Fe 10 9 10 9 9 

FINAL Maternal C Maternal N Maternal P Maternal NP Maternal Fe 

Soil C 1 0 0 2 1 

Soil N 2 2 2 1 2 

Soil P 1 1 4 1 1 

Soil NP 1 0 1 0 0 

Soil Fe 0 1 0 2 0 
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Table 4: Summary table of all significant variables of Experiment 1. Maternal, soil and maternal 
x soil treatments that were not significant at the alpha = 0.10 level in any ANCOVA are not 
listed. Full ANOVA and ANCOVA tables can be found in the appendix. 

Propagule 
Weight 

(p value) 

Parameter 
Estimate 

(mg) 

Survival 
(p value) 

Parameter 
Estimate 

(% 
Survival) 

Height 
(p value) 

Parameter 
Estimate 

(cm) 

Productivity, 
leaves 

(p value) 

Parameter 
Estimate 

(Leaf 
count) 

Propagule 
Weight 
(Covariate) 

0.0238 29.7 0.0554 2.1369 

Maternal Fe 0.075 -3.70

Maternal N 0.004 -19.95 0.004 -7.23

Maternal NP 0.094 4.57 

Maternal P 0.002 -6.75

Soil Fe 0.0692 -4.24

Soil N 0.098 60.4 

Soil P 0.031 5.00 

Maternal N 
x Soil N 0.0788 6.68 0.044 5.27 

Maternal NP x 
Soil N 0.0921 -6.33

Maternal P 
x Soil N 0.079 3.85 

Maternal N 
x Soil NP 0.082 -5.57

Maternal P 
x Soil NP 0.002 10.35 
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Figure 3: Graph of the A. germinans survival over time (x = date, y = number of 
survivors) during experiment 1. Initially, 347 propagules were planted in March of 2019, which 
decreased to a total of seedling 26 survivors in June of 2019. 
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Figure 4: Seedling height distribution of surviving seedlings by maternal fertilization (top) and 
by seedling soil treatment (bottom).  
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CHAPTER 3: FREEZING EVENTS AND MATERNAL PLANT FERTILIZATION 

METHODS AND RESULTS 

Experiment 2 Methodology: 

This experiment assessed the influence of maternally derived nutrients on propagule 

survival and seedling growth following freezes. The temperature conditions were reproduced 

using Siemens Environmental Growth Chambers (M Series: F120-5-1000 μm-0200Q-120/208 

and GC8-2H-47-0075W-C6) from the Fall of 2019 through Spring of 2020, assessing the effects 

of exposing propagules to freezing temperature treatments (i.e. experimental treatments: -2 or -8° 

C). Propagules were harvested (eight per shrub) from the eight nitrogen (N), eight phosphorus 

(P), and eight control Avicennia germinans plants in a long-term fertilization study on Ward 

Island in Corpus Christi, TX. Propagules were also collected randomly from a mangrove-

dominated area directly from the plants on South Padre Island (SPI), TX, noted in Fig. 5 in the 

southern Laguna Madre (26.080326 N, -97.167294 W). The SPI propagules were collected from 

maternal shrubs in an entirely A. germinans-dominated ecosystem without any salt marsh plants 

present.  Propagules from this secondary location were harvested to explore the hypothesis that 

local adaptation to colder temperatures could be occurring in the Corpus Christi area, meaning a 

genetic predisposition to survive freezing (comparing primarily with the control plants from 

Corpus Christi). The experiment was fully crossed so that all propagule treatments (control, N, P, 

SPI), were replicated 24 times within all temperature conditions (control, -2°C, and -8°C). 

A total of 288 propagules were collected during the week of November 20, 2019. After 

collection, propagules were placed into deionized water until the outer pericarps sloughed off. 

Over the next week, the water was exchanged for quarter-strength (9-10 ppt), half-strength (17-
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18 ppt), and then full-strength euhaline seawater (35 ppt) collected from Corpus Christi Bay. 

Propagules were subsequently planted in 18 10x10” black plastic greenhouse flats. Flats were 

filled with marsh soil from Ward Island. For the duration of the experiment, the marsh soil was 

fully saturated with seawater, approximately 35 ppt, collected from Corpus Christi Bay. Seventy-

two propagules were planted per treatment with 16 propagules per flat. Propagules had not begun 

to root. In the planting design (Table 5, Appendix A6), propagules were assigned randomly 

within the flats in a four-by-four grid, maintaining one of each treatment type per row (e.g. C, N, 

P, SPI). Propagules were pushed a short distance into the soil (approximately 0.5 cm), with the 

hypocotyl end down. 

The 24-hour temperature fluctuations (Fig. 6) were based on natural variations in 

December and January temperatures over the past 10 years in Corpus Christi, compiled and 

distributed by NOAA (https://gis.ncdc.noaa.gov/maps/ncei/). For the temperature treatments, six 

flats were used as controls (i.e. typical winter temperatures in Corpus Christi from +2°C during 

the night to +20°C during the day), six flats reached nighttime temperatures of -2°C for two 

hours, and six flats reached nighttime temperatures of -8°C for two hours. Based on my pre-

experiment assessment of the historical NOAA data, when a freezing event occurred in Corpus 

Christi, the minimum temperatures occurred for approximately two hours. Therefore, both 

experimental freezing treatments were programmed to only reached the coldest temperatures for 

two hours during the night. Siemens Environmental Growth Chambers were used at Texas A&M 

University - Corpus Christi to simulate 24-hour temperature fluctuations. The growth chamber 

that stayed constant with control temperatures for the entire experiment was split into two parts -

- a top and bottom section. The growth chamber that went to the below freezing temperatures 

had only one section, so the experimental treatments were in the same location during their 24-
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hour time period. All treatments experienced the same light/dark cycles, with lights turning on at 

7:00 am and lights turning off at 7:00 pm.  

Before the temperature treatments were initiated, collected propagules were kept in 19.4 - 

21.1 °C (67-72°F) ambient lab temperatures. All group transfers were done when the chambers 

were approximately 14°C and temperatures were ramping towards the warmest temperature of 

the 24-hour cycle. On December 16, all propagules were removed from the environmental 

growth chambers and were transferred to an outdoor location to experience natural ambient 

winter temperatures in a partially sunny environment with relatively constant salinity. Salinity 

was checked on a weekly basis. If the salinity was below 35 ppt, Instant OceanTM was added and 

if salinity was above 35 ppt, deionized water was added. Propagules were maintained outside for 

a period of five weeks. 

The surviving propagules were transferred to a wetland pool (4 x 0.3 m) on January 30, 

2020. To allow for increased vertical root growth, the bottoms of the flats were cut out, and the 

propagules and their surrounding soils were placed on top of secondary flats filled with sand. 

Planting densities were low enough that roots of neighboring plants seldom came into contact 

over the duration of the study. Survival and growth were then documented every 10 days for 

three months until April 2020. During the process of moving propagules outside to the outdoor 

location in January of 2020, two propagules disappeared and were not recovered, most likely due 

to heavy winds and shallow rooting, causing the propagules to blow out of the flats. These 

propagules were included in the survival calculations prior to February of 2020 but were not 

included in survival calculations of later months. 

Statistical Analysis: Generalized linear modeling with binomial distributions were used to 

determine if maternal plant fertilization, maternal plant location on the Texas coast, and severity 
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of temperature during a freeze event had an individual or combined effect (maternal fertilization 

x freeze treatment) on the survival of establishing propagules. An analysis of variance was used 

to determine the effects of maternal fertilization, maternal location, freeze treatment, and 

maternal fertilization x freeze treatment on growth of established seedlings. 

Experiment 2 Results 

Prior to planting, all propagules were examined for damage, and those with yellow or 

brown spots were excluded from the experimental groups. Immediately after the experimental 

chilling period, when the propagules were removed from the environmental growth chambers, 

color changes were observed in the -8°C treatment group with many of the propagules appearing 

brown or black. For the propagules planted in the -8°C treatments, 55.2% displayed obvious 

discoloration, although there was variation among flats with some surviving propagules in every 

flat. The flats that experienced control temperatures (reaching a low of 2°C) and -2°C did not 

show any visual discoloration immediately after the experiment and maintained a solid green 

appearance for at least eight weeks.  

Within the first 10 days after the freezing temperatures were applied, the -8°C propagules 

had a 57.3% survival rate, with cotyledon blackening interpreted as evidence of death. The dead 

propagules were kept in the flats until mold began to grow then discarded. Survival of control 

propagules and -2°C propagules remained at 100% until February of 2020. 

In February 2020, six weeks after the freeze, there was high survival (75.7%) overall. At 

that time, there were no significant differences in survival resulting from the different types of 

maternal plants fertilization or the origin site of maternal plants, Corpus Christi or SPI. Survival 

was not affected by propagule size or any combinations of maternal fertilizations (Control, N, P) 

and Freeze treatments (control temperatures, -2°C, -8°C). There was a significant effect of 
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freeze, with higher mortality in the -8°C treatment (F2,287, p < 2e-16). Within the -8°C treatments, 

there was no significant difference in mortality among the maternal fertilization treatments (N 

and P), between locations (Corpus Christi and SPI), or based on propagule length, width, or 

weight. 

In April 2020 (20 weeks), surviving seedlings had grown between zero and 12 leaves and 

reached heights between 3.5 and 18.1 cm. The seedlings with zero leaves had rooted, begun to 

grow upwards, were green, but had no leaves or leaf scars. Neither the propagule initial weight 

covariate nor block significantly affected survival. Maternal fertilization did not affect survival. 

Overall survival across all treatments in the 20 weeks was 63.5%, and the majority of the 

mortality occurred in the first month post-temperature treatment (Fig. 7). Each temperature 

treatment began with 96 propagules. The control temperature treatment had 82 surviving 

seedlings, the -2°C temperature treatment had 78 surviving seedlings, and the -8°C had 19 

surviving seedlings. Towards the end of the experiment, month-to-month survival rates increased 

for the -8°C treatment propagules and were similar to the other two temperature treatment 

survival rates. In the final month of growth, from 15-20 weeks, the survival rate of the surviving 

seedlings from the control temperature was 94.3%, the survival rate for the -2°C seedlings was 

88.4%, and the survival rate for the -8°C seedlings was 82.6%. 

Survival, height, and leaf production over 20 weeks were significantly affected by several 

treatment combinations when compared to the control treatment (Table 6, Appendix A9, A10, 

and A11). Propagules from all maternal treatment and maternal locations that underwent -8°C 

freezes had significantly lower survival than the -2°C and control temperatures (F2,287 = 1.2380, 

p < 2e-16, probability = 57.7%). The -2°C treatments’ main effect across all maternal treatment 

and maternal locations led to a slightly shorter seedling (F2,182 = 0.5897, p < 0.0964, estimate = -
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1.45 cm). The combination of N maternal-fertilization in Corpus Christi and -2°C temperatures 

resulted in taller seedlings (F6,182 = 1.3655, p < 0.0933, estimate = 2.03 cm). 

Propagules from SPI that went through -2°C had a slightly higher survival rate (F6,287 = 

1.7713, p < 0.0206, estimate = 0.3542, probability = 77.5%) and grew taller as seedlings (F6,182 

=1.3655, p < 0.0932, estimate =2.04 cm) compared to propagules from the control group in 

Corpus Christi with the propagule size covariate factored out. The SPI that went through -8°C 

freezes also had slightly increased leaf production (F6,182 = 7.8193, p < 0.0652, estimate = 1.768 

leaves). 

In summary, the -8°C temperatures strongly reduced seedling survival across all maternal 

fertilization treatments. Contrary to my initial hypothesis, propagules from SPI were taller and 

had increased survival rates when exposed to -2°C temperatures, and produced more leaves when 

exposed to -8°C temperatures if they survived the initial freeze. Therefore, there is no support in 

my results for the hypothesis of local adaptations by mangroves living in Corpus Christi 

compared to SPI. After initial exposure to -2°C temperatures, seedlings with N maternal 

fertilization grew taller over five months. Maternal fertilizations with P did not significantly 

affect propagule survival or seedling growth in any way. 
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Figure 5: Map of South Padre Island location. Propagules were collected randomly from the 
mangroves within the white square. Image via Google Earth, 2019. 
 

 

  



34 

Table 5: A table of the experimental design. Two temperature treatments and a control were used 
across all propagules. Propagules were collected from control (not fertilized) maternal shrubs 
from Corpus Christi and South Padre Island. Maternally fertilized propagules were collected 
from the fertilization plots on Ward Island in Corpus Christi, Texas. Propagule size was used as a 
covariate in all statistical analyses. 
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Figure 6: The following are the temperature fluctuations within the three environmental growth 
chambers. Control temperatures (Blue) went from 2 to 20°C. The -2°C freeze treatment (Orange) 
went from -2 to 18°C and the -8°C freeze treatment (Grey) went from -8 to 18°C.  Lights in the 
growth chambers were turned on at 7 am and turned off at 7 pm.  
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Table 6: Summary of parameter estimates and p values for all variables showing significant 
effects. Treatments that were not significant at the alpha = 0.05 or 0.10 level are not listed. Full 
ANOVA and ANCOVA tables can be found in the appendix. 

Survival 
(p value) 

Parameter 
Estimate 
(Percent 
Survival) 

Height 
(p value) 

Parameter 
Estimate 

(cm) 

Productivity 
(leaves) 
(p value) 

Parameter 
Estimate 

(Leaf count) 

Propagule Weight 
(Covariate) 1.39E-07 0.0272 0.00405 0.0082 

-2°C
Freeze 0.0964 -1.0897

-8°C
Freeze 3.00E-08 57.7 

Maternal shrub 
fertilization N 
x -2°C Freeze 

0.0933 0.5476 

South Padre Island 
Propagules  
x -2°C Freeze 

0.0206 77.5 0.0932 1.7376 

South Padre Island 
Propagules  
x -8°C Freeze 

 < 2e-16 5.074817 
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Figure 7: A showing survival of the propagules in number of living A. germinans during their 20 
weeks of growth. Percent survival began at 100%, with 288 propagules and resulted in 183 
survivors across all treatments. Survival is shown in the graph separated by temperature 
treatments. Each treatment began with 96 propagules. Control seedlings = blue, the -2°C freeze = 
orange, the -8°C freeze = grey. 
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CHAPTER 4: DISCUSSION 

Increasing regime or state shift from herbaceous systems to woody ones has profound 

consequences for diversity (Ratajczak et al. 2012), habitat use, structure and biomass, and likely 

many other ecological functions and services. Biotic interactions can slow or increase the change 

(Ratajczak et al. 2014) and often occur among herbaceous and woody species. However, another 

biological interaction, the differences in reserves provided by maternal plants, is also shown to 

be important in my experiments. The effect of maternal inheritance on their progeny can also 

affect seedling growth and thus range shifts. Inter-species biological interactions, coupled with 

other factors, may lead to hot spots of mangrove colonization and expansion. 

We tested several hypotheses concerning A. germinans propagule and seedling responses 

to nutrients and freezes. The relationships and possible effects are illustrated in the conceptual 

model shown in Fig. 1. We conducted two experiments, the first involving planting propagules 

from A. germinans plants that had been fertilized by control, N, P, NP, and Fe into control, N, P, 

NP, and Fe soils. The second experiment involved exposing propagules from the same A. 

germinans plants fertilized with N and P in Corpus Christi and propagules from a more southern 

location (South Padre Island) to freezing temperatures at -2 and -8°C (with controls reaching a 

low of +2°C). 

Our results suggest that although -8°C temperatures caused high mortality, up to 20% 

survived, the added effects of increased soil nutrients can promote growth of the survivors. These 

interactions may in turn lead to the development of mangrove “hot spots” of growth and 

reproduction. A 20% survival of the propagules exposed to -8°C can allow for rapid recruitment 

even where established mangroves are eliminated. This may also set the stage for natural 

selection to result in local adaptation. Under predictions for a warming climate in coastal Texas 
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(Jiang & Yang 2012, Mendelssohn et al. 2017), these results indicate that A. germinans 

development will likely be rapid and expansion will spread northward. 

Increasing latitude and correlated increases in incidences and intensity of freezes 

adversely affect A. germinans (Ross et al. 2009, Coldren & Proffitt 2017, Osland et al. 2020). 

The rate and extent of population A. germinans growth are affected by regional climate (Osland 

et al. 2018) and local environmental conditions (Feher et al. 2017). Localized mangrove hot 

spots can be promoted when propagules produced by plants growing under high nutrient soil 

conditions recruit close to the maternal (or natal) plant. At local sites, differences in such factors 

as nutrients (Feller 1995, Alldred 2017), salinity (McMillan 1971), and soil type (McKee et al. 

2016) can have substantial effects on plant survival, growth, and reproductive rates. Therefore, it 

is likely that certain combinations of these factors will produce hot spots of A. germinans 

population expansion. For example, we hypothesize that hot spots might occur in Corpus Christi 

on the bay side of Mustang Island, where salinities are generally lower than in the nearby 

hypersaline Laguna Madre and where the Gulf reduces the intensity or duration of freezes 

relative to other sections of Corpus Christi Bay. Also, a nutrient rich embayment such as Oso 

Bay near a sewage plant outfall may serve as a source for hotspot for growth and reproduction. 

Both locations have extensive and rapidly expanding A. germinans populations (personal field 

observations) and indeed nearly all of the many mangroves on the Blind Oso side of Ward Island 

have recruited and grown over the last 15 years. Avicennia germinans populations in hot spots 

not only develop more rapidly than at other sites but may serve as sources of massive numbers of 

propagules that can found new colonies in the vicinity. It is also possible that A. germinans can 

show phenotypic plasticity and adapt to local conditions (Hayes et al. 2019) that would further 

enhance rates of spread, and development of new hot spots.   
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Experiment 1: Maternal and soil fertilizations 

The results indicate partial support for all four initial hypotheses for the first experiment. 

In summary, they show:) maternal fertilizations provided growth advantages (i.e. increased 

height) for propagules taken from maternal NP fertilized plants; 2) greater survival for 

propagules planted into N soil compared to the control soil; 3) Combinations of N and P 

treatments, in both maternal fertilization and soil fertilization increased survival, height, and leaf 

production; 4) combinations of N and P treatments had the largest effect sizes for increasing 

growth and survival; and 5) larger propagules promoted both survival and growth. 

Preliminary results from Experiment 1 suggest that the A. germinans on Ward Island may 

be experiencing both N- and P-limited growth. Propagules from NP plants exhibited more 

vertical growth. Also, a combination of propagules from N-fertilized plants grown in N soil led 

to more vertical growth and more leaf production. The fact that the seedlings grew taller when 

their maternal plants and propagule soil were fertilized with N contrasts with the fact that 

maternal N plants and maternal P plants, as stand-alone factors, led to lower production of leaves 

and leaf scars. These treatments of maternal N and maternal P, when not paired with increased N 

in the soil, could be below a required threshold for N to have significant positive effects or, 

maternal energy could have been allocated to shoot production at the early growth stages and 

leaf production may be affected differently later in life. The results of decreased leaf production 

due to maternal N and P fertilization implies the need to further study the generational effects of 

nutrient deposition. Nonetheless, maternal reserves, when higher in N, will promote more rapid 

expansion of a population in soil that has also an increased N supply. The impact of N 

fertilization indicates the possibility of a cross-generation effect as fertilized plant place more, or 

higher quality, stored reserves in propagules. An influx of N into a community could have lasting 
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effects as the young mangroves are able to establish more successfully, grow taller, and possibly 

reproduce earlier and grow wider as mature shrubs, and have more individual propagules that 

will survive better than non-fertilized shrubs, thus overtaking salt marsh communities at a faster 

rate. 

Furthermore, we also observed the phenotypic differences in the seedlings after their 

cotyledons had dropped, that may indicate that there may be an epigenetic effect of maternal 

fertilization. Epigenetic variations, in terms of DNA methylation, have been known to occur in 

other species of mangroves, including Laguncularia racemosa communities of Brazil, where the 

trees are affected by abiotic factors such as changing salinity and nutrient levels (Lira-Medeiros 

et al. 2010). The effect of a mechanism such as DNA methylation could lead to specific, 

inherited phenotypes of plants that are better able to withstand environmental stress. While there 

were differences in A. germinans seedling size at the end of Experiment 1, most likely due to the 

size of the initial propagules, differences in growth were still seen after the cotyledons, and thus 

the energy stored from the maternal shrub, had detached. These differences could be indicating 

that a gene, or multiple genes, were turned on in the maternal A. germinans as a response from 

the long-term fertilization and then passed down to the F1 generation in the same on-position, 

thus benefitting the growth forms of the seedlings. While glycine betaine differences have not 

been reported in isolated populations n response to stress (Hayes et al. 2019), another method of 

stress tolerance may be passed down from the maternal plant to the offspring. There could be 

alternative explanations for the propagule size differences, such as the timing of maternal energy 

transfer from cotyledon to seedling, or there might be more reserves per unit weight of 

propagule. Further experimentation in regard to the effect of cotyledon maternal reserves and 

possible epigenetic effects would be a fruitful course of future research. 
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While the propagules planted into N soil had higher survival, the maternal plants that 

were fertilized with N yielded significantly smaller propagules during Experiment 1. The 

maternal N-fertilized plants may have allocated more energy to producing a greater number of 

propagules instead of fewer, larger propagules; or, they could be spending increased energy on 

vegetative growth instead of reproduction in general. Nitrogen-fertilized plants in the fertilization 

plots on Ward Island have seen increases in canopy size and reproductive output (Proffitt, 

Devlin, & Feller, unpublished). Other research, performed in the Gulf of Mexico and 

Mesoamerica reinforce the significance of N and P in the growth and reproduction of mangroves 

as non-uniform limiting factors depending on the environmental conditions, species present, and 

species plasticity (Feller et al. 2001, Feller et al. 2003, Feller et al. 2007, Reef et al. 2010, 

Dangremond et al. 2019).  

Experiment 2: Freezing events and maternal shrub fertilization 

In Experiment 1, maternal effects (N treatments of shrub A. germinans) promoted 

survival and growth, especially in treatments with soil enriched in N. However, this did not 

translate into an advantage for surviving freezes in Experiment 2. Results indicated support for 

only one of the three initial hypotheses: 1) the majority of the mortality that occurred was within 

the propagules that experienced the harshest temperatures, -8°C (19.8% survival); 2) Corpus 

Christi propagules did not have higher survival rates than propagules from SPI, and several 

treatments from SPI had higher survival rates and growth; and 3) maternal fertilizations with N 

and P did not affect survival of propagules. We found no evidence for better survival or growth 

of propagules from our more northern site compared to the warmer southern site. Propagules 
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from fertilized plants did not survive -8° or -2° freeze treatments better than propagules from the 

control shrubs. 

In this experiment, propagules were collected much earlier in the reproductive cycle, in 

November of 2019. The size of the propagules from maternally fertilized N and P plants were 

not significantly different from the controls, and seedlings experienced greater survival in all 

treatments than Experiment 1, in which propagules were collected later in the reproductive cycle 

(February 2019). Propagules in Experiment 1 were much smaller, ranging from 0.29-2.78g, than 

propagules from Experiment 2, ranging from 1.72-4.88g. Similar to Markley et al. 1981, the 

severity of the freeze experienced by propagules is an indicator of mortality rates in Experiment 

2. All mortality within the first two months post-freeze was documented in -8°C temperature

treatment. Within the -8°C treatments, there was no significant difference in mortality among the 

propagule treatments or weight of the propagules. Contrasting with Experiment 1, the lack of 

effect by weight could indicate that propagule size, or the amount of maternal energy that is 

passed on, will play little role in determining whether a propagule will survive a harsh winter, 

but will later influence the growth form (i.e. height and leaf production) of the seedling.  

The mortality within the -8°C treatments did not significantly vary based on where the 

propagules came from, either Corpus Christi or SPI (further south), indicating that both 

communities would see major decreases in populations if the areas were subject to a -8°C 

freezing event, without any added nutrients. Thus, there is no evidence in my experiment that 

local adaptation has produced a population in Corpus Christi that has seedlings that are better 

able to -8°C or -2°C temperatures. There could be early indicators of local adaptation in the SPI 

propagules, with local adaptions to salinity and drought stress that may have aided in the survival 

of propagules during the freeze. In areas of high salinity, A. germinans has been shown to have 
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morphological differences, i.e. narrower vessels, that could potentially reduce damage during a 

freeze (Madrid et al. 2014). My positive survival and growth results from SPI indicate that this is 

an area for significant future experimentation. Mature A. germinans plants are be able to 

withstand freezing events, with low percentages of plants surviving -8°C and overall mortality 

significantly increasing below -6.5°C (Osland et al. 2019), and the newly produced propagules 

will see some declines in recruitment, but still with a fairly high survival rate during these harsh 

freezes.  

Nutrients also played a role in seedling growth of Experiment 2. Similar to Experiment 1, 

N fertilizer significantly increased vertical growth of seedlings from Corpus Christi after 

experiencing -2°C temperatures. Unexpectedly, propagules from SPI, the more southern location, 

had slightly increased survival after experiencing -2°C temperatures and also grew taller than the 

control seedlings. The SPI propagules that experienced -8°C freezing and survived also produced 

more leaves. This discrepancy from the initial hypotheses suggests that we are not seeing 

localized adaptation to colder temperatures in the more northern population of Corpus Christi 

Bay, although in populations further north this is still a possibility. The taller seedlings with 

increased leaf counts from the SPI A. germinans population indicate a need to study further this 

southern location. These A. germinans could be genetically related to the plants in Corpus 

Christi, as the two locations are found at the opposite ends of the Laguna Madre, but the SPI 

plants are less likely to experience a freeze. The more southern A. germinans are also growing in 

a more dominant closed-canopy situation, whereas the propagules collected for Experiment 2 in 

Corpus Christi came from a site that was more marsh with mangroves mixed in (unpublished 

data of Proffitt et al.; personal field observations).  
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Our Hypothesis 3 for Experiment 2 predicted changes in survival based on maternally 

fertilized shrubs, but there were no significant effects found in regard to combinations of 

maternal fertilization and freezing temperatures. Survival across all treatment types shows that 

propagule survival will be reduced during a -8°C freeze. However, the entire population of A. 

germinans propagules will not be wiped out by a single freezing event, as there was still 

approximately 20% survival 20 weeks after the freeze. The 100% survival rates for the first six 

weeks after the temperature change for the control temperatures and the -2°C treatments concurs 

with the findings of other studies (Coldren & Proffitt 2017, Osland et al. 2019) and highlights the 

resilience of propagules during winter weather conditions. There was also 19.8% survival below 

-7°C in Experiment 2, which has been suggested as a threshold for mortality in mature A.

germinans in Osland et al. (2019). The discussion regarding a minimum survivable temperature 

for A. germinans is ongoing, with high estimates of mature mangrove recovery around -4°C and 

low estimates of mangrove recovery around -7°C (Osland et al. 2020), but my results show 

clearly that propagules are able to withstand at temperature reaching -8°C for at least two hours. 

Given the current predictions of climate change, a warming coastline in the Gulf of Mexico will 

lead to propagules establishing in higher densities in more northern locations (Sandoval-Castro et 

al. 2014), including propagules that have withstood severe freezing. Winter temperatures are 

expected to increase in the Gulf of Mexico (Comeaux et al. 2011, Jiang & Yang 2012, 

Cavanaugh et al. 2014), possibly well above the threshold for propagule survival, between -8 and 

-2 °C or warmer than -2°C, and thus increase the number of successfully establishing A.

germinans. 



                                                
  
   

46 
 

Synthesis 
 

Areas for further study include analysis of nutrient levels in the leaves of surviving 

seedlings, and the effects on competition with marsh plants. Additionally, future experimentation 

could study the potential for herbivory to affect A. germinans seedling establishment in different 

nutrient conditions. The presence of herbivory and the long-term effects of herbivory within the 

fertilization plots and next generation seedlings could yield an interesting distinction, especially 

when done contemporaneously with studies on northern mangrove movement with their 

pollinators. These two experiments were performed under controlled, “ideal” conditions, without 

competition from surrounding plants and without analysis of long-term effects on early growth 

stages. If the first experiment were to be repeated, I recommend a study with increased 

replication with propagules collected earlier in the reproductive cycle to solidify the effects of 

maternal and seedling fertilizations. Suggestions for increased survival include larger peat pots 

with more available soil and constant tending to the moisture levels to prevent over or 

underwatering. 

Nutrient additions before and after A. germinans reproduction could significantly alter the 

future of mangrove populations on the Gulf Coast. An input of excess nutrients during early life 

stages, N in particular, could offer growth advantages throughout the plants’ lives, from 

propagule establishment to mature plant growth, and be passed along to future offspring. Positive 

effects of nutrients in the soil, similar to those recorded in Experiment 1, may offset the adverse 

effects of freezing in A. germinans populations. The effects of N and P additions is well 

documented in mature A. germinans (Feller et al. 2001, Feller et al. 2007), and the results from 

these experiments indicate that early growth stage propagules and seedlings are also benefiting 

from these added nutrients. It is possible that areas with elevated nutrients (e.g. N and P) will 
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become hot spot “reservoirs” of fast growing and extensively reproducing A. germinans stands as 

this mangrove species spreads northward. These areas could serve as seedling sources after 

future harsh freezes (-8°C and below), especially in sites with greater soil nutrients. Coastal 

systems with excess N could also lead to taller seedlings following a less harsh freeze (-2°C), 

leading to taller mangroves that are able to quickly shade out any competing neighboring marsh 

plants (Weaver and Armitage 2018). Propagules from SPI A. germinans may also have increased 

freeze tolerance or have increased damage responses post-freeze. 

Avicennia germinans populations are expected to expand with the warming climate 

(Armitage et al. 2015), and the available space for propagules to establish is limited to other 

coastal ecosystems, including salt marshes. Taller growth forms with increased leaf production 

may increase the rate of takeover from mangrove-marsh ecotone to mangrove-domination by 

quickly shading out shorter marsh species and thus outcompeting for space and nutrients. My 

results support the hypothesis of Weaver & Armitage (2018), that elevated nutrient levels could 

lead to increasing mangrove growth, thus decreasing saltmarsh area, which in turn, offers more 

space for future establishing mangroves. 

While the nutrient requirements for A. germinans and benefits and limitations to current 

populations have been documented, the importance of nutrient fertilization on future generations 

is not complete. Specifically, what the long-term effects of nutrient deposition are, both natural 

and human-made, in coastal systems where A. germinans are encroaching into salt marsh 

communities. Avicennia germinans seedlings can shade out local marsh vegetation, overtaking 

their canopies and outcompeting the short woody and herbaceous plants for light (Kelleway et al. 

2017), especially in the presence of excess N which is increasing survival, height, and leaf 

production. While the presence of mangroves is beneficial in terms of Blue Carbon storage 
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(Lovelock & Duarte 2019) and storm surge protection (Costanza et al. 2014, Leonardi et al. 

2016), the encroachment of A. germinans may lead to decreasing population sizes of whooping 

cranes (Kelleway et al. 2017), altered faunal communities (Smee et al. 2017), and reduced salt 

marsh abundance and species diversity. As mangroves continue to establish in coastal salt 

marshes, we will see more of this trade off: increased carbon sequestration and nutrient storage at 

the cost of altering trophic interactions and loss of salt marsh area to mangrove dominated forests 

(Kelleway et al.  2017).  

Plant life in and out of salt marshes relies on fairly consistent environmental conditions, 

but climate change is affecting species survival and community composition. While the range of 

A. germinans in the Gulf of Mexico is increasing and moving northward, other mangrove

communities outside of the Gulf struggle to compete with human-driven destruction, 

highlighting the importance of recording successful growth and studying environmental 

conditions that could be facilitating this growth (Feller et al. 2017). Although A. germinans was 

not listed, 16% of mangrove species qualified for the IUCN Red List within the categories of 

Critically Endangered, Endangered, or Vulnerable (Polidoro 2010). Other land-based trees and 

shrubs could be indicators of what is to come for mangrove communities. The global increases in 

droughts and water stress are predicted to increase mortality in non-estuarine plants (Breshears et 

al. 2008). Shifting seasonality is altering the phenology (e.g. reproductive time period, growth, 

etc.) of plants themselves (Cleland et al. 2007). Species interactions are becoming unbalanced as 

environmental conditions change and availability of resources decrease (Klanderud et al. 2004). 

All of these changes influence a systems resistance, the ability to withstand change, and 

resilience, the ability to recover from change (Gunderson 2000). Environmental stress gradients 

such as freezing, salinity, water availability, and nutrient availability, all of which can be seen on 
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the coast of Texas, could be affecting how communities are responding to damage and how 

quickly they can recover (Feher et al. 2017). Adaptions to these stressors will be indicators of 

which species are able to survive in the face of climate change.  

While the benefits of mangroves are vast, in terms of blue carbon storage, coastal 

protection, and support for fisheries, the expansion of A. germinated dominated forests will 

change the ecosystem services in coastal environments. Global warming, shrinking coastlines 

with sea level rise, and range shifts are transforming the coastlines of the Gulf of Mexico and all 

estuarine areas that mangroves have previously thrived (Feller et al. 2017). The future of A. 

germinans expansion in the Gulf of Mexico is dependent on reproduction and temperature 

thresholds. Nutrient amendments in salt marshes may be indicators of future successful 

mangrove establishment and beneficial effects could be passed down to the next generation of 

individuals, while freezing temperatures, or lack thereof, can be predictors of how far north A. 

germinans will establish. Future research must strive to compile these factors to better 

understand the changes that are yet to come along these Gulf Coastlines. 
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APPENDIX 1 

Avicennia germinans background information: 

The coastal intertidal wetlands, including mangrove forests and salt marshes were valued 

at 24.8 Trillion US Dollars by the United States Federal Government in 2014, monetarily 

quantified through ecosystem services, including carbon sequestration in Blue Carbon sinks, 

nursery habitats, coastal stabilization and protection from storm surge (Costanza et al. 2014, 

Leonardi et al. 2016, Lovelock & Duarte, 2019). As global temperatures increase, frequency of 

storms, strength of storms, and length of the annual hurricane season, are predicted to increase 

(Houghton et al. 2001). In general, decreases in coastal wetlands, including both salt marshes 

and mangrove forests, increase the terrestrial damage caused by storms (Costanza et al. 2008). 

Along the Texas coast, a small portion of salt marsh loss was due to mangrove-encroachment 

alone, however future shifts in the coastal landscapes from human and natural variability could 

lead to more favorable areas for A. germinans establishment (Armitage et al. 2015). As 

mangrove dominated ecosystems expand, questions arise as to how this will affect native salt 

marsh species and typical salt marsh faunal assemblages.  

A. germinans is a salt-tolerant shrub which grows at tropical and subtropical latitudes, but

in the Gulf of Mexico, the growing populations are changing the physical characteristics and 

organismal composition of salt marshes (Comeaux et al. 2012). A. germinans populations have 

moving northward through salt marshes and coastal communities since at least the 1980s in the 

coastal bend (Cavanaugh et al. 2014, Comeaux et al. 2011). The areas where both woody A. 

germinans and herbaceous marsh species co-occur, i.e. ecotones, are altering ecosystem 

diversity. Shifts towards these mangrove-marsh ecotones can cause ripple effects throughout 

trophic levels and between ecosystems. The changes in species diversity from mostly herbaceous 
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to woody plants are driven by abiotic factors, such as precipitation and salinity, and the 

facilitative and competitive interactions between plants, leading to increases in community 

biomass (Gabler et al. 2017, Van Auken 2009, Yando et al. 2016). In the Gulf Coast, the future 

of mangrove-salt marsh ecotones depends on A. germinans reproduction and survival rates. 

Whether or not an ecosystem will benefit from the settlement of black mangroves 

depends on the native flora and fauna. The growth of A. germinans, provides ecosystem services, 

but while humans may appreciate mangrove growth, marsh-dependent species can be severely 

harmed and outcompeted (Osland et al. 2014). For example, salt marshes without mangroves in 

Mission-Aransas National Estuarine Research Reserve in Texas showed increases in nekton, 

crustacean, and polychaete abundance but decreases in fish abundance when compared to salt 

marshes with mangroves (Smee et al. 2017). Mangrove areas can also shift the megafaunal 

composition because the shrubs harbor predators and limit the nesting areas and food supply, 

specifically Lycium carolinianum, eaten by migrating endangered Whooping cranes along the 

Texas coast (Kelleway et al. 2017).  

Range expansion is facilitated by the reproduction strategy of A. germinans; 

cryptovivipary and the production of many large propagules with a protective double cotyledon 

and an outer pericarp that specifically contributes a great deal of energy to their offspring, 

allowing for long distance dispersal (via hydrochory) and the ability to withstand substantial 

fluctuations in temperature (Tomlinson, 2016). The highly resilient propagules can survive for 

months in varying salinities after dropping from the maternal shrub (Pickens & Hester 2010). As 

A. germinans individuals increase in size, they act as autogenic Ecosystem Engineers,

manipulating the structure of their new environment through underground cable roots and 
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alteration of light availability below their canopies (Jones et al. 1994). The introduction of 

mangroves into a salt marsh ecosystem can completely change the physical landscape.   

 

Experiment 1 Herbivory Results:  

Leaf herbivory by an unknown insect was documented on 16 of the seedlings beginning 

in June. Between June and September, herbivory was noted on at least one seedling each month. 

Only one seedling had signs of herbivory for all four months, maternal P + soil N. Eight 

seedlings had signs of herbivory for at least three months. The A. germinans seedlings nutrient 

type with the most herbivory was the soil N. Due to lack of replication in surviving seedlings, the 

effects of soil treatment and maternal shrub fertilization on herbivory was not statistically 

analyzed. While growing over seven months, the seedlings experienced herbivory across all soil 

treatment types, individually, and all maternal shrub fertilization types, individually, but not all 

combinations of maternal and soil treatments. Herbivory was highest in seedlings which were 

planted into nitrogen soil. While there was not enough replication to statistically analyze the 

difference in herbivory, the seedlings with increased herbivory planted in the nitrogen soil could 

be indicators that the nutrients are a growth advantage, but negatively produce more sought-after 

leaves for native insects.  

 

Experiment 2 Methods 

Figure A7 illustrates the location of the flats within the environmental growth chambers. 

Due to the timing of holidays, this outdoor location was in Biloxi, Mississippi. Figure A8 

indicates the location of the propagules during their time outside. Daily temperature high and 



63 

lows were documented. Every two weeks, the locations of the flats were randomized in two rows 

such that each column contained a control, -2°C, and -8°C propagule flat. On January 13th, 

2020, the propagules were brought back to Corpus Christi, Texas and kept in the laboratory. 

During this time, propagules that had become brown and were experiencing fungal infection 

were removed from the flats to limit cross-contamination. These propagules, which would not 

recover, were discarded. 
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APPENDIX 2 

A1: The following is the blocking for laying propagules out in flats after planting. Maternal 
treatments were randomly, evenly dispersed between blocks. M = maternal shrub that the 
propagules were harvested from. P = fertilized plot from which the soil was taken.
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A2: Propagule weight based on maternal treatment for Experiment 1. ANOVA for maternal
treatment: F 4,346 = 2.8926, p < 0.0223, indicating that there is significant variance within maternal 
treatments. A linear regression was run to determine the significance levels and estimates for 
each of the maternal treatments. Maternal Nitrogen treatments yielded propagules with 
significantly lower weights. Significant factors highlighted at an alpha = 0.05 level. 

Propagule weight ~ maternal treatment Estimate (mg) Std. Error t value Pr(>|t|) 

(Intercept) 69.5875 4.6717 14.896 < 2e-16 

Maternal shrub fertilization Fe -11.73644 7.67941 -1.528 0.12736 

Maternal shrub fertilization N -19.95114 6.94831 -2.871 0.00434 

Maternal shrub fertilization NP -4.20288 6.649 -0.632 0.52774 

Maternal shrub fertilization P -0.02171 6.69315 -0.003 0.99741 
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A3: Experiment 1 survival of propagules based on treatment types. ANOVA testing resulted in
significance at the alpha = 0.05 level only within the category ‘Weight of propagule.” Linear 
regressions were performed on each treatment to determine significance at a higher alpha and 
estimates of the treatments. Significant factor p values highlighted at an alpha = 0.10 level.

ANOVA Table: Treatments DF F value P value 

Maternal shrub fertilization treatment 4 0.2436 0.9134 

Seedling Soil Fertilization treatment 4 1.1659 0.3257 

Weight of propagule 1 4.5645 0.0334 

Maternal x Soil fertilization treatment 16 30.9931 0.4639 

Overall survival based on maternal, soil, and maternal x 
plot, treatments and propagule weight 

Estimate Std. Error t value Pr(>|t|) 
Probability 
(Percent 
survival) 

(Intercept) -0.868876 0.575351 -1.51 0.131 0.29548824 

Maternal Fe -0.08419 0.825341 -0.102 0.9188 0.27826864 

Maternal N 0.600299 0.760321 0.79 0.4298 0.43325647 

Maternal NP 0.12497 0.726627 0.172 0.8634 0.3221506 

Maternal P -0.115631 0.735122 -0.157 0.875 0.27199841 

Soil Fe -0.695766 0.772367 -0.901 0.3677 0.17298156 

Soil N 1.294663 0.782545 1.654 0.098 0.6048672 

Soil NP 0.75596 0.726645 1.04 0.2982 0.47180096 

Soil P 0.30788 0.708405 0.435 0.6638 0.36331704 

Propagule Weight (Covariate) 0.006563 0.002903 2.261 0.0238 0.29685632 

Maternal FE x Soil Fe 1.146528 1.212173 0.946 0.3442 0.56897049 

Maternal N x Soil Fe 0.888245 1.101934 0.806 0.4202 0.5048421 

Maternal NP x Soil Fe 0.83366 1.057727 0.788 0.4306 0.49119691 

Maternal P x Soil Fe 0.666665 1.084847 0.615 0.5389 0.4496188 

Maternal Fe x Soil N -0.442158 1.221119 -0.362 0.7173 0.21231387 

Maternal N x Soil N -1.608153 1.113943 -1.444 0.1488 0.0774843 

Maternal NP x Soil N -1.825818 1.083811 -1.685 0.0921 0.06328718 

Maternal P x Soil N -0.173491 1.095754 -0.158 0.8742 0.26069354 

Maternal Fe x Soil NP -1.415154 1.263381 -1.12 0.2627 0.09245425 

Maternal N x Soil NP -1.9611 1.127516 -1.739 0.082 0.05572566 

Maternal NP x Soil NP -0.462696 1.029058 -0.45 0.653 0.20889946 
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A4: Experiment 1 heights of seedlings in September based on treatment types. ANOVA testing 
resulted in significance at the alpha = 0.05 level only within the category ‘Weight of propagule.” 
Linear regressions were performed on each treatment to determine significance at a higher alpha 
and estimates of the treatments. Significant factor p values highlighted at an alpha = 0.10 level. 

ANOVA Table: Treatments DF F value P value 

Maternal Fertilization treatment 4 1.0643 0.4336 

Soil Fertilization treatment 4 2.5464 0.1213 

Weight of propagule 1 35.6677 0.0003 

Maternal x Soil fertilization treatment 8 1.8433 0.2027 
September Heights based on maternal, soil, and maternal x plot, 
treatments and propagule weight 

Estimate 
(cm) 

Std. 
Error t value Pr(>|t|) 

(Intercept) 8.9716 2.2399 4.005 0.00392 

Propagule Weight 2.1369 0.9537 2.241 0.05537 

Maternal Fe -0.7589 2.7137 -0.28 0.78683 

Maternal N -1.2915 2.7075 -0.477 0.64612 

Maternal NP 4.5679 2.4061 1.898 0.09419 

Maternal P 0.9634 2.2479 0.429 0.67955 

Soil Fe -4.2435 2.0232 -2.097 0.06921 

Soil N -3.447 2.3388 -1.474 0.17876 

Soil NP 0.2104 2.771 0.076 0.94135 

Soil P 0.4087 2.8436 0.144 0.88928 

Maternal FE x Soil Fe NA NA NA NA 

Maternal N x Soil Fe 3.3939 4.3304 0.784 0.45577 

Maternal NP x Soil Fe NA NA NA NA 

Maternal P x Soil Fe NA NA NA NA 

Maternal Fe x Soil N 4.1078 3.3386 1.23 0.25351 

Maternal N x Soil N 6.677 3.3151 2.014 0.07878 

Maternal NP x Soil N -3.3105 3.4869 -0.949 0.3702 

Maternal P x Soil N 1.6926 2.8814 0.587 0.57313 

Maternal Fe x Soil NP NA NA NA NA 

Maternal N x Soil NP NA NA NA NA 

Maternal NP x Soil NP NA NA NA NA 

Maternal P x Soil NP 1.8819 3.4555 0.545 0.60087 

Maternal Fe x Soil P 5.638 4.6524 1.212 0.26015 

Maternal N x Soil P NA NA NA NA 

Maternal NP x Soil P -5.0382 3.6486 -1.381 0.20467 

Maternal P x Soil P NA NA NA NA 
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A5: Leaf production (leaves + leaf scars) on seedlings in September based on treatment type. In
the ANOVA testing, maternal fertilization, soil fertilization, weight of the propagule, and 
maternal x soil fertilization were all significant. Significant factor p values of linear modeling 
highlighted at an alpha = 0.10 level. 

ANOVA Table: Treatments DF F value P value 

Maternal Fertilization treatment 4 3.9143 0.0477 
Soil Fertilization treatment 4 3.6069 0.0579 
Weight of propagule 1 2.9347 0.0125 

Maternal x Soil fertilization treatment 8 3.2829 0.0563 

September Number of leaves based on weight, maternal, plot, 
maternal + plot 

Estimate 
(Leaf 
Count) 

Std. Error t value Pr(>|t|) 

(Intercept) 6.7526 1.4896 4.533 0.00192 

Propagule Weight 1.0142 0.6342 1.599 0.14847 

Maternal Fe -3.6957 1.8047 -2.048 0.07475 

Maternal N -7.2333 1.8005 -4.017 0.00386 

Maternal NP -2.1085 1.6001 -1.318 0.22407 

Maternal P -6.753 1.4949 -4.517 0.00196 

Soil Fe 2.215 1.3454 1.646 0.13832 

Soil N -0.9037 1.5553 -0.581 0.57724 

Soil NP -3.3306 1.8428 -1.807 0.10832 

Soil P 4.9533 1.891 2.619 0.03068 

Maternal FE x Soil Fe NA NA NA NA 

Maternal N x Soil Fe 4.714 2.8798 1.637 0.14028 

Maternal NP x Soil Fe NA NA NA NA 

Maternal P x Soil Fe NA NA NA NA 

Maternal Fe x Soil N 2.502 2.2202 1.127 0.29244 

Maternal N x Soil N 5.2738 2.2046 2.392 0.04371 

Maternal NP x Soil N 3.6815 2.3188 1.588 0.15102 

Maternal P x Soil N 3.8524 1.9162 2.01 0.07922 

Maternal Fe x Soil NP NA NA NA NA 

Maternal N x Soil NP NA NA NA NA 

Maternal NP x Soil NP NA NA NA NA 

Maternal P x Soil NP 10.3474 2.298 4.503 0.00199 

Maternal Fe x Soil P -2.8296 3.0939 -0.915 0.38716 

Maternal N x Soil P NA NA NA NA 

Maternal NP x Soil P -1.3012 2.4263 -0.536 0.60635 

Maternal P x Soil P NA NA NA NA 
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A6: The following is a planting design for Experiment 2 including blocking for the freeze
treatments. C represents propagules taken from control shrubs, N from nitrogen shrubs, P from 
phosphorus shrubs, and S from shrubs on South Padre Island. Flats 1, 4, 7, 10, 13, and 16 
experienced control temperatures. Flats 2, 5, 8, 11, 14, and 17 experienced the -2°C temperature 
treatment. Flats 3, 6, 9, 12, 15, and 18 experienced the -8°C temperature treatment. 
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A7: Location of flats in chambers during the freeze treatments. The top three flat configurations 
were during temperature fluctuations on December 13, 2019. The bottom three flat 
configurations were during temperature fluctuations on December 14, 2019. Doors opened on the 
bottom edge of the configuration (e.g. the handle of the door would be close to flat 3 in the top 
left configuration and the door would swing outwards). F1 indicates the -2°C temperature 
treatment and F2 indicates the -8C temperature treatment. 
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A8: The arrangements of flats in MS and TX. The surviving propagules of the six -8°C flats 
were consolidated into two flats (12 and 18) while maintaining sediment of original planting, 
after high mortality in the first month. 
 
Flat organization in MS Week 1-2  

12 13 11 7 5 15 
4 8 9 17 3 1 
2 6 10 18 16 14 
      

Flat organization in MS Week 3-4  

9 11 7 15 14 4 
2 1 6 5 16 3 

13 18 17 10 12 8 
 
 
 
 
 
  

Flat organization outside in TX after January 30, 2020 

13 11 1 14 12 4 17 7 5 18 16 8 10 2 
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A9: Experiment 2 April survival based on maternal shrub fertilization, freeze treatment, maternal
x freeze. Significant factor p values highlighted at an alpha = 0.10 level. Probabilities given in 
percent survival.  

ANOVA Table: Treatments DF F value P value 
Propagule maternal treatment 3 0.0556 0.9827 
Propagule Freeze treatment 2 1.2380 <2e-16 
Propagule maternal x Propagule Freeze 
treatment 6 1.7713 0.1051 

Propagule weight 1 0.9044 0.3425 

Estimate Std. Error t value Pr(>|t|) 
Probability 
(Percent 
Survival) 

(Intercept) 8.802E-01 8.408E-2 10.468 2E-16 0.70686366 
Propagule weight -7.811E-05 5.769E-4 -0.135 0.8924 0.70680603 

Maternal shrub fertilization N 1.767E-03 1.068E-1 0.017 0.9868 0.70718825 

Maternal shrub fertilization P 4.141E-02 1.06E-1 0.391 0.6963 0.71532932 

South Padre Island Propagules -1.209E-01 1.101E-1 -1.098 0.2730 0.6811583 

-2°C Temperature Treatment -1.489E-01 1.087E-1 -1.370 0.1719 0.67504661 

-8°C Temperature Treatment -5.698E-01 1.073E-1 -5.311 3E-08 0.57693408 

Maternal shrub fertilization N x -2°C 1.821E-01 1.532E-1 1.188 0.2358 0.74309165 

Maternal shrub fertilization P x -2°C 1.018E-01 1.526E-1 0.667 0.5053 0.72746523 

South Padre Island Propagules x -2°C 3.552E-01 1.525E-1 2.329 0.0206 0.7747274 

Maternal shrub fertilization N x -8°C -1.802E-01 1.508E-1 -1.195 0.2332 0.66814343 

Maternal shrub fertilization P x -8°C -1.8E-01 1.508E-1 -1 .1.194 0.2335 0.66818777 

South Padre Island Propagules x -8°C 2.792E-02 1.509E-1 0.185 0.8533 0.71257434 
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A10: Experiment 2 Height in April based on maternal shrub fertilization, freeze treatment,
maternal x freeze. Significant factor p values highlighted at an alpha = 0.10 level. Estimates 
given in cm.  

ANOVA Table: Treatments DF F value P value 

Propagule maternal treatment 3 3.9529 0.009322 

Propagule Freeze treatment 2 0.5298 0.589673 

Propagule maternal x Propagule Freeze treatment 6 1.3655 0.231215 

Propagule weight 1 22.5354 4.358E-06 

Estimate (cm) Std. Error t value Pr(>|t|) 

(Intercept) 11.9952 0.5817 20.620 <2e-16 

Propagule weight 0.027153 0.004939 5.497 1.39E-07 

Maternal shrub fertilization N 11.9952 0.5817 20.620 0.7682 

Maternal shrub fertilization P 0.2429 0.8227 0.295 0.4319 

South Padre Island Propagules -0.6407 0.8133 -0.788 0.2049 

-2°C Temperature Treatment -1.0897 0.8563 -1.273 0.0964 

-8°C Temperature Treatment -1.4541 0.8697 -1.672 0.6385 

Maternal shrub fertilization N x -2°C 0.5476 1.1635 0.471 0.0933 

Maternal shrub fertilization P -2°C 2.0207 1.1972 1.688 0.1463 

South Padre Island Propagules x -2°C 1.7376 1.1908 1.459 0.0932 

Maternal shrub fertilization N x -8°C 2.0398 1.2084 1.688 0.4926 

Maternal shrub fertilization P x -8°C -1.3857 2.0152 -0.688 0.6665 

South Padre Island Propagules x -8°C -0.8022 1.8583 -0.432 0.7682 
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A11: Experiment 2 leaf production in April based on maternal shrub fertilization, freeze 
treatment, maternal x freeze. Significant factor p values highlighted at an alpha = 0.10 level. 
Estimates given in leaf count. 

ANOVA Table: Treatments DF F value P value 

Propagule maternal treatment 3 2.9399 0.034737 

Propagule Freeze treatment 2 1.9234 0.149272 

Propagule maternal x Propagule Freeze treatment 6 1.1322 0.345676 

Propagule weight 1 7.8193 0.005765 

 Estimate (Leaf Count) Std. Error t value Pr(>|t|)  

(Intercept) 5.074817 0.357439 14.198  < 2e-16  

Propagule weight                                            0.008158 0.002800 2.914 0.00405 

Maternal shrub fertilization N                                0.253215 0.437721 0.578 0.56370 

Maternal shrub fertilization P                                -0.028832 0.426331 -0.068 0.94616 

South Padre Island Propagules -0.768063 0.466323 -1.647 0.10139 

-2°C Temperature Treatment -0.665127 0.456288 -1.458 0.14677 

-8°C Temperature Treatment                             -0.120554 0.609969 -0.198 0.84356 

Maternal shrub fertilization N x -2°C 0.794095 0.627476 1.266 0.20741 

Maternal shrub fertilization P x -2°C 0.141953 0.624679 0.227 0.82051 

South Padre Island Propagules x -2°C 0.946240 0.633794 1.493 0.13730 

Maternal shrub fertilization N x -8°C -0.096661 1.057732 -0.091 0.92729 

Maternal shrub fertilization P x -8°C 0.680963 0.973583 0.699 0.48523 

South Padre Island Propagules x -8°C 5.074817 0.357439 14.198  < 2e-16  

 




