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Abstract
During the last century the mean sea level has been increasing at a rate of 0.2 to 0.4 mm·year -1 , and
that rate is expected to accelerate during this century. Coastal wetland ecosystems are sensitive to the
potential changes and impacts of resulting from a rise in sea level. In the coastal region of the Gulf of
Mexico, freshwater swamps are wetlands located further inland than mangroves, and while influenced by
the tides maintain freshwater conditions. Due to their location, the rise in sea level could increase the
levels of flooding and salinity in these ecosystems. The objective of this study was to evaluate, under
greenhouse conditions, the effect of nine flood and salinity treatments on the survival, growth and
increase in the biomass of Annona glabra (pond apple) seedlings. The treatments combined two factors:
water level (saturation, flood, flood-drought) and salinity (0, 5 and 15 ‰). Germinated seedlings were
used (average height: 18.6 ± 1.61 cm). Seedling survival was greater under freshwater conditions.
Increase in height and diameter, as well as leaf and biomass gain, were greater under saturation and
freshwater conditions. Based on our results, we conclude that under a scenario of rising sea level,
increased flood levels and salinity will negatively affect the natural establishment of Annona glabra
seedlings in freshwater swamps.

Introduction
Globally, sea levels rose between 0.1 and 0.2 m during the last century, and this rise is expected to
accelerate during this century, though the magnitude is still unknown (Nicholls and Cazenave 2010).
According to different scenarios, a mean global increase in sea level of 0.2-2.0 m as a consequence of
climate change is estimated for the year 2100 (Parris et al. 2012). Coastal wetlands are transition zones
between the terrestrial environment and the marine environment (An and Verhoeven 2019), which makes
these ecosystems sensitive to changes in sea level rise and their potential impacts, since their location is
closely linked to the sea (Nicholls et al. 1999). These ecosystems could experience changes in their
composition and structure, in addition to suffering losses in area in various locations of the planet
(Nicholls 2004). 

Sea level is not rising uniformly in all of the world’s regions (Nicholls and Cazenave 2010). For example,
there is evidence that mean sea level in the Gulf of Mexico has risen faster than the global trend in the
last 60 years (IPCC 2007), with satellite records suggesting an increase in average elevation of 3.3 ± 0.4
mm·year-1 since 1992 (Parris et al. 2012). Therefore, the wetlands in the coastal region of the Gulf of
Mexico are more vulnerable to the possible effects of rising sea levels (Ortíz-Pérez and Méndez-Linares
1999; Day et al. 2008; Yáñez-Arancibia et al. 2010). Coupled with changing sea levels, increasing
temperature and changes in precipitation patterns due to climate change could exacerbate the threats
and pressure on coastal wetlands in the future (Junk et al. 2013). Changes to the precipitation regime will
affect surface hydrology, modifying runoff and groundwater inflow to wetlands, which will cause a
decrease in the level and timing of flooding (Nielsen and Brock 2009; Junk et al. 2013). The arrival of less
water from the continent to freshwater coastal wetlands is expected to increase salinity and flood levels,
which would be reflected in changes in the vegetation and a decrease in soil quality (Herbert et al. 2015;
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Xian et al. 2019). In addition, the damage to and loss of wetlands would be greater particularly for those
located at the deltas of large rivers, where soil subsidence is already occurring and where the
development of economic activities will prevent the migration of these ecosystems towards the
interior (Mitsch and Gosselink 2015). Changes in topography are also a concern and together, these
factors are referred to as “coastal squeeze” (Nicholls 2004). Due to the high degree of vulnerability of
coastal wetlands to climate change, as well as the anthropogenic pressures these wetlands face, there is
an urgent need to better understand the risks these ecosystems face.

In the Gulf of Mexico region, the highest subsidence rates are occurring in the Mississippi River Delta
Plain (Parris et al. 2012). The swamps that are located on this plain and on the coast of the Atlantic
Ocean of the United States of America are dominated by Taxodium distichum (L.) Rich. and Nyssa
aquatica L. (Mitsch and Gosselink 2015). These wetlands have been subject to environmental pressures
such as increased flooding and salinity (Conner et al. 1997). Various studies have been carried out to
evaluate the response of these species during the seedling establishment and growth stages to the
increase in these environmental variables. The seedlings of both species have been found to be resistant
to flooding, but are sensitive to stress caused by the combination of increased flooding and salinity
(Pezeshki et al. 1989; Allen et al. 1994; Conner et al. 1997). The results indicate that an increase in salinity
in these freshwater ecosystems will generate adverse effects for the physiological processes that control
seedling survival and growth. In Mexico, the coastal wetlands of the Gulf of Mexico region receive
freshwater that flows from the mountains of the Sierra Madre Oriental range (Yetter 2004; Sánchez-
Higueredo et al. 2020), freshwater from extensive dune system coastal waters (Yetter 2004) and seawater
from tides and coastal lagoons. This creates a flood and salinity gradient that results in the
establishment of various types of wetlands throughout the coastal zone (Lara-Lara et al. 2008; Infante-
Mata 2011). In this region, there are mosaics of coastal wetlands, with mangroves being the wetlands
with the highest levels of salinity (15-25 parts per thousand), because they are in contact with the sea.
Further inland (where the marine influence is less), there are freshwater swamps (salinity: 1-3 parts per
thousand). Finally, going deeper inland, there are marshes such as “popales” and “tulares” (marshes with
salinity: 2-3 parts per thousand) and these that contribute to reducing the speed of water currents leading
to a high deposition of sediments (Infante-Mata 2011; Moreno-Casasola et al. 2020).

The freshwater swamps of the coastal zone on the Gulf of Mexico in the state of Veracruz are dominated
by two species: the “apompo” or “zapote reventador”, Pachira aquatica Aubl. (Malvaceae) and the pond
apple, Annona glabra L. (Annonaceae) (Infante-Mata et al. 2011; Moreno-Casasola and Infante-Mata
2016), the former being more widely dispersed. Annona glabra is distributed from the southern United
States of America (Florida), to South America, the Caribbean and West Africa. In Australia it was
introduced and is considered invasive (Setter et al. 2004). The fruit production of A. glabra is
synchronized with the rainy season when the flood level increases, and water disperses the seeds
(Infante-Mata and Moreno-Casasola 2005). The presence of this species has been reported in areas
where the water table rises slowly and remains flooded for several weeks, sometimes months (Infante-
Mata 2011), with no currents. These seeds can float for up to 90 days and germinate when the water level
decreases; furthermore, under these saturated soil conditions there is a greater probability of seedling
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establishment success (Infante-Mata and Moreno-Casasola 2005; Infante-Mata et al. 2019; Sánchez-
García 2020). 

Among the freshwater coastal wetlands of the Gulf of Mexico region, freshwater swamps provide the
greatest number of ecosystem services. These wetlands store a large amount of carbon in the soil (0.92 ±
0.12 kgC m−2 yr−1), even storing 66% more than other wetlands such as marshes (Marín-Muñiz et al.
2014). In addition, they are very important in flood control, because their soils act as sponges, absorbing
a large amount of water during the rainy season; freshwater swamp soils can store 556 to 834 L m-

2 (Campos et al. 2011). Freshwater swamps are also a source of resources such as wood, fuel, and food
for local populations (González-Marín et al. 2016). In a study carried out by Vázquez-González et
al. (2016) to quantify the ecosystem services provided by coastal wetlands in the central region of the
Gulf of Mexico, it was estimated that the freshwater swamps is the type of wetland that in economic
terms provides the greatest benefits with an approximate value of $192,993 USD/ha/2007. According to
this study, the economic value provided by freshwater swamps is even greater than that provided by
mangroves.

The freshwater swamps dominated by A. glabra are distributed along the edges of water currents with
little movement, and mainly in the vicinity of coastal lagoons and on floodplains where there is no marine
influence (Niembro Rocas et al. 2010; Moreno-Casasola et al. 2012). However, the pressure exerted by
human activities has led to a decrease in their cover, leaving only some remnants in the middle of
marshes, in small areas that border the mangroves and in some protected natural areas (Infante-Mata
2011). In addition to anthropogenic factors, the increase in salinity caused by rising sea levels will exert
greater pressure on these ecosystems. In the state of Veracruz Infante-Mata and Moreno-Casasola (2005)
and Infante-Mata et al. (2019) studied the germination and growth of A. glabra seedlings in their natural
environment, evaluating the germination of seeds under different levels of humidity and light, and the
effect of these two factors together with herbivory on the survival and the establishment of seedlings in
their natural environment. However, there is no information on possible responses of this species to the
potential increase in salinity or the combined increase of salinity and flooding. Both are fundamental
factors that will affect wetlands according to projected scenarios for climate change. Therefore, it is
important to generate information for the seedling establishment stage of dominant species of
freshwater swamps such as A. glabra. The information obtained will be used for future conservation and
restoration plans for floodplains on the coastal plain of the Gulf of Mexico. Therefore, the objective of
this study was to experimentally evaluate the effect of nine treatments under different flood and salinity
conditions on the survival and growth (height, diameter and biomass) of A. glabra seedlings. Our
hypothesis is that the seedlings will have a higher survival rate and better development under lower stress
conditions, that is, under saturated soil conditions and without exposure salinity.

Methods
Collection site and plant material
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Annona glabra seeds were collected from a flooded pasture dominated by the exotic African grass
Echinochloa pyramidalis (Lam.) Hitchc. & Ch, with an area of approximately 3.5 ha and located in central
Veracruz (19 ° 33'17''N and 96 ° 22'43''W), close to a swamp patch dominated by this species. The
flooded pasture is bordered to the north and west by a mangrove community, to the east by low
deciduous forest and coastal dunes and to the south pastures cultivated for raising livestock interspersed
with the remnants of herbaceous wetlands (Figure 1). The mangrove hydroperiod is determined by the
level of flooding of the La Mancha coastal lagoon and by the subsurface freshwater flows (Yetter 2004);
the latter influences the level of the water table of the flooded pasture.

In August 2019 the pond apple fruits were collected. They were taken to a greenhouse at the Centro de
Investigaciones Costeras La Mancha (CICOLMA) run by the Instituto de Ecología, A.C., located 3.6 km
north of the collection site, where the seeds were extracted. For germination, the seeds were placed in
polyethylene bags 25 cm high and 15 cm in diameter, filled with soil from a marsh located in CICOLMA.
At the beginning of the experiment, the seedlings had an average height of 18.63 ± 1.61 cm.

Experimental design

The experimental design combined two factors (water level and salinity), with three levels each, resulting
in nine treatments (Table 1).

1. Water level: i) Saturation: the water was permanently kept 15 cm below the level of the soil’s surface
in the seedling bag; ii) Flooding: the water was permanently maintained at a level of 10 cm above the
soil’s level; iii) Flood-Drought: alternately, every four weeks the water level to which the seedling was
exposed was changed. For four weeks the water was 10 cm above the soil’s surface and for the next
four the plant had no contact with the water. These changes were made over the duration of the
experiment (18 weeks).

2. Salinity: i) Water with a salinity of 0 parts per thousand (‰); ii) Water with a salinity of 5 ‰; iii)
Water with a salinity of 15 ‰.

 For the experiment, five seedlings were randomly assigned to each treatment, for a total of 45 seedlings.
To apply the treatments, inside the greenhouse four fiberglass tubs 130 cm long x 60 cm wide x 70 cm
high were used. Three tubs were filled with tap water at a constant level of 55 cm. Each of these three
tubs had a different salinity level: 0, 5, and 15 ‰. Instant Ocean artificial salt (Aquarium Systems) was
used to achieve salinity levels. For the different flood levels, PVC tubes of two different heights (45 and
20 cm) were placed inside the three tubs to manipulate the water level to which the seedlings were
subjected (15 cm below the soil surface and 10 cm above the soil surface respectively). A polyethylene
bag with a seedling was placed on top of each tube. The water levels were kept constant throughout the
experiment. The fourth tub had no water, and this is where the seedlings of the Flood-Drought treatments
were placed during the weeks that they did not have contact with the water.

The experiment lasted 18 weeks to prevent the roots of the seedlings from coming into contact with the
polyethylene bag and thus influencing their growth. On October 27, 2019, the experiment began with the
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placement of the polyethylene bags with seedlings in the treatment tubs. The average temperature inside
the greenhouse for the duration of the experiment was 26.8 ± 0.07 °C (data obtained with a Hobo® Onset
Pendant data logger, which recorded temperature every two hours). When the experiment began, height
and basal diameter sensu strictu were measured for each of the 45 seedlings, and the number of leaves
were counted. The seedlings were monitored and measured every two weeks: height, diameter and leaf
count, and percent seedling survival. On March 1, 2020, the experiment ended. All the seedlings were
harvested, and separated into three structures: root, stem and leaves, which were dried in an oven at 70 °C
for 72 hours. Afterwards, the structures were weighed to obtain their biomass. Throughout the
experiment, when a seedling died, it was removed from the tub, its height and diameter were measured,
the leaves were counted, and later its structures were separated and dried to obtain their biomass.

Data analysis

The effect of the different treatments on the change in height and diameter of the seedlings was
evaluated with an analysis of covariance (ANCOVA), where the categorical explanatory variables were
water level and salinity and the continuous explanatory variable (covariate) was time. The change in
height and diameter was obtained by subtracting the final value from the initial value for each seedling.
The evaluation of the final number of leaves was carried out on the amount of leaves gained or lost by
each seedling using a bifactorial analysis of variance (ANOVA) with interaction. The loss or gain of
leaves was obtained by subtracting the final number of leaves from the initial number for each seedling.
When the analysis detected significant differences, a Tukey test was used to determine differences
between treatments.

Root, stem and leaf biomass were also evaluated through a bifactorial ANOVA with interaction. Before
carrying out the analysis, the root, stem and leaf biomass values for the seedlings were log-transformed
to meet the assumptions of the model. A Tukey test was carried out to detect differences between
treatments when the analysis detected a significant effect of any of them. Root, stem and leaf biomass
were recorded at the end of the experiment, but for the seedlings that died before the end of the
experiment, their final biomass was obtained when their death was detected. All analyses were run in R
software, version 3.6.1 (Team R Core 2019).

Results
Survival

A 100% survival was recorded for the seedlings that were under all the three treatments with 0 ‰ salinity
(Sat0‰, Flo0‰ and Flo-Dro0‰). However, in all treatments under conditions of 5 and 15 ‰ salinity the
death of some seedlings was observed. The only treatment in which the death of all the seedlings was
recorded was Flood-Drought at 15 ‰ (Table 2).

Height, diameter and number of leaves
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The growth of seedlings and their final height was affected by water level, salinity and time, as well as by
the interactions between water level and time, salinity and time, and water level and salinity (Table 3). For
water level, seedling growth was greater under the Saturation condition and was lowest in the Flood-
Drought treatments. In addition, the increase in salinity decreased growth, so that the seedlings under the
treatments with 0 ‰ salinity (fresh water) had the greatest growth, while the seedlings subjected to the
15 ‰ salinity treatments grew the least. The growth of the seedlings over the course of the experiment
was greater in the treatments under conditions of Saturation and low salinity (0 and 5 ‰), and this
became evident in the eighth week (Figure 2). The seedlings in the Saturation 0 ‰ treatment grew the
most (27.6 ± 7.37 cm), while the seedlings in the Flood-Drought 15 ‰ treatment, grew the least, and even
negative values were observed (-0.5 ± 0 cm), in addition to the death of all individuals subjected to this
treatment six weeks after starting the experiment (Figure 2).

Similarly, the increase in the diameter of the seedlings was affected by water level, salinity and time, and
by the interaction of the two factors and the covariate (Table 4). A greater increase in diameter was
recorded in seedlings subjected to Saturation treatments, and smaller increases in diameter in Flood-
Drought treatments. Salinity also negatively affected the diameter increase, since the greatest increase
occurred in seedlings under treatments with 0 ‰ salinity, and the smallest increase in those under 15 ‰
salinity. Over the 18 weeks of the experiment, the increase in diameter in the seedlings was greater in the
treatments under conditions of Saturation and low salinity (0 and 5 ‰), and this was more notable from
the eighth week onwards (Figure 3). The interaction between the three factors affected the increase in
diameter, with the seedlings subjected to the 0 ‰ Saturation treatment exhibiting the greatest increase in
diameter (7.02 ± 1.31 mm), while those in the 15 ‰ Flood-Drought treatment did not grow, and the death
of all seedlings subjected to this treatment was recorded six weeks after starting the experiment (Figure
3).

The gain (or loss) in the number of leaves in A. glabra seedlings was affected by both water level and
salinity, and by the interaction of these two factors (Table 5). For the seedlings subjected to salinity
treatments of 0 ‰ and under Saturation conditions, leaf gain was recorded (Saturation 0 ‰, Flood 0 ‰,
Flood-Drought 0 ‰, Saturation 5 ‰ and Saturation 15 ‰; Figure 4). The seedlings under the 0 ‰
Saturation treatment had a gain of 10.2 ± 1.15 leaves, which was significantly higher with respect to the
seedlings in the other treatments. On the other hand, under the Flood 5 ‰, Flood-Drought 5 ‰, Flood 15
‰ and Flood-Drought 15 ‰ treatments, the seedlings lost leaves. In the seedlings under the 15 ‰ Flood
treatment, this loss (16.5 ± 2.04) was significantly greater than that of the other treatments with (Figure
4).

Biomass

The increase in the biomass of the three structures of the seedlings (roots, stems, leaves) was lower in
the treatment with the highest salinity. The final biomass of the root was only affected by salinity (Table
6). The lowest value for seedling root biomass was recorded for the Flood-Drought 15 ‰ treatment. In
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contrast, the highest values of biomass of the roots of the seedlings were recorded for the treatments
Saturation 0 ‰ and Saturation 5 ‰, (Figure 5a). These differences were statistically significant.

Seedling stem biomass was affected both by salinity and by water level, albeit marginally (Table 5). The
seedlings subjected to the Flood-Drought 15 ‰ treatment had significantly the lowest amount of
biomass in the stem, compared to the seedlings in the other treatments. The Saturation 0 ‰ treatment
had the highest stem biomass (Figure 5b). The water level, salinity and the interaction of these two
factors had no effect on the biomass of the leaves of the surviving seedlings (Figure 5c).

Discussion
Our results show that water level affected the growth of A. glabra seedlings, consistent with the
hypothesis of a greater biomass gain and number of leaves, as well as greater growth in height and
diameter under saturated soil conditions and without salinity. These results coincide with those of
various authors who have evaluated biomass gain and growth in height and diameter in seedlings of
dominant tree species from swamps in the southeastern United States such as Fraxinus
pennsylvanica Marshall, Nyssa aquatica, Nyssa sylvatica Marshall, Quercus michauxii Nutt., Quercus
nigra L., Quercus nuttallii E.J. Palmer and Sapium sebiferum (L.) Dum. Cours., where it has been found
that there is a greater gain in root and stem biomass, as well as greater growth in diameter and height
when the plants are in saturated soil conditions in comparison with soil with less than five centimeters of
permanent flooding (Pezeshki et al. 1989; Pezeshki 1990; Conner 1994; Conner et al. 1997, 1998;
McCarron et al. 1998). Of the studies carried out in this region, only Taxodium distichum has shown a
broad tolerance to flooding, with the increase in water level not having any significant effect on seedling
height (Pezeshki 1990). In coastal wetlands of southeastern Australia, it was also observed that
Melaleuca ericifolia Sm. grew taller and gained more biomass in wet or saturated soil treatments
compared to seedlings that remained totally submerged (Salter et al. 2007). In addition, it has been
documented that growth in flooded soil reduces the height of Calophyllum brasiliense
Cambess. seedlings, which is a dominant species of freshwater swamps of the Amazon region in Brazil,
compared to moist soil treatments; likewise, flooding also significantly reduced its root and stem
biomass (Oliveira and Joly 2010). In Mexico, it has been reported that the dominant species of flooded
forests that are distributed on the coast of the Gulf of Mexico, such as Pachira aquatica and Annona
glabra, gain more root biomass in saturated soils compared to flooded soils (Infante-Mata et al. 2019),
which coincides with the results we obtained. The reduction in root biomass may result from cell death
due to the lower availability of oxygen associated with flood conditions.

Although wetland plant species have various adaptations that allow them to tolerate the stress caused by
flooding and changes in soil chemistry (Pezeshki 2001; Mitsch and Gosselink 2015), most of the
seedlings of these species do not grow or their growth is slower under flood conditions, because the low
oxygen level of these environments is too stressful for them (Cronk and Fennesy 2001). This may
indicate that these species are able to tolerate rather than require high levels of flooding to establish
successfully (Infante-Mata et al. 2019). Annona glabra establishes in depressions or areas with very slow
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water flow, where it is not subjected to notable changes in flood level. Sexual reproduction and the
establishment of pond apple are synchronized with the rainy and dry seasons, and the seedlings
establish when the flood level drops and the soils remain humid (Infante-Mata and Moreno-Casasola
2005; Infante-Mata et al. 2019). Therefore, the higher growth under saturated soil conditions seems to
reflect the adaptations of A. glabra to the natural conditions of the environment where it has developed.

As expected, salinity also negatively affected survival, biomass gain, leaf gain, and height and diameter
growth in A. glabra seedlings. Various studies have been carried out to evaluate the response of biomass
gain and growth in height or diameter to the increase in salinity of swamp tree species that are distributed
in the southeastern United States such as Cephalanthus occidentalis L., Fraxinus pennsylvanica, Nyssa
aquatica, Nyssa sylvatica, Quercus lyrate Walter, Quercus michauxii, Quercus nigra, Quercus nuttallii,
Sapium sebiferu and Taxodium distichum (Pezeshki et al. 1989; Pezeshki 1990; Allen et al. 1994; Conner
1994; Conner et al. 1997, 1998; McCarron et al. 1998) , in the Caribbean such as Pterocarpus officinalis
Jacq. (Rivera-Ocasio et al. 2007; Bompy et al. 2015), and in southeastern Australian wetlands such as
Melaleuca ericifolia (Salter et al. 2007) and Eucalyptus tereticornis Sm. (Grieger et al. 2019). In these
studies, it was observed that the biomass, height and diameter of the seedlings were greater in the
treatments with no or low salinity compared to the high salinity treatments.

Salinity is a limiting environmental factor for the establishment of wetland plant species, because it
causes physiological drought by producing a water deficit that reduces the osmotic potential of the
soil (Salter et al. 2007). This represents an ecological and evolutionary barrier that prevents the
germination and establishment of numerous freshwater wetland species (Wieski et al. 2010). Salinity
occurs in coastal wetlands when there is the entry of marine water (Flores-Verdugo et al. 2007). In tropical
or subtropical areas, the species categorized as mangroves are those that have adaptations to survive in
saline soils  (Cronk and Fennesy 2001). The freshwater swamps on the coastal plain of the state of
Veracruz are located inland of the mangrove zone, where the sea’s influence is minimal, so the species
that make up these wetlands do not have any adaptations to withstand increases in salinity. As observed
in our results, survival, increases in height and diameter, and leaf and biomass gain decreased as salinity
increased. However, despite the stress imposed by saline conditions, the seedlings under the Fl15‰ and
Sat15‰ treatments had a slight increase in height and diameter, and a slight gain in biomass. This may
be due to the fact that the seedlings in this study came from a population that is very close to a
mangrove area where salinity increases periodically during the rainy season, as occurs in the species T.
distichum, where the seedlings from brackish populations grow more (height and biomass) than do those
from freshwater populations (Allen et al. 1994, 1997). In Veracruz, freshwater swamps with saline
influence have lower species richness, and this leads to the dominance of a few salinity-tolerant species
and even mixing with mangrove species (Infante-Mata 2011).

The combined increase of water and salinity levels in freshwater swamps on the floodplains of Veracruz
will increase the pressure on the species that inhabit them. A. glabra seedlings were sensitive to the
increase in both factors, so an increase in sea level could have a strong impact on seedling establishment
in this species. However, it has been observed that the species P. aquatica (the dominant species in the
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other type of swamp) can survive a wide range of salinity (0.02-18 ‰) and is able to germinate in a
saline solution of up to 9.2 ‰, which indicates that its germination and seedling establishment can
occur in areas close to mangroves or in coexistence with them, or could occur under a scenario of rising
sea level (Infante-Mata et al. 2014). Increased levels of flooding and salinity could alter the floristic
composition of freshwater swamps, favoring the species that have a greater tolerance to these
environmental factors (i.e., Pachira aquatica) and could damage less tolerant species (i.e., Ficus
spp., Pouteria sp., Salix humboldtiana Willd., Inga vera Willd.), and even A. glabra that develop in areas
with shorter and intermittent flood periods (Moreno-Casasola and Infante-Mata 2010). This could also
alter the functional ecology of these ecosystems. As with A. glabra, some tree species on the Gulf of
Mexico coast in the United States of America are glycophytes and are unable to tolerate high levels of
salinity (Pezeshki et al. 1990). The consequences of rising sea levels could cause the deterioration or
even the disappearance of freshwater swamps on the coastal plain of the Gulf of Mexico.

Despite the potentially dire consequences to freshwater swamps, with the exception of our study, there
has been no work to evaluate tolerance during the seedling establishment of dominant species of tropical
freshwater swamps in the face of flood conditions and increased salinity that are expected with changes
in sea level, nor have scenarios been evaluated for this region of the Gulf of Mexico. It is important to
mention that this study was experimental and carried out under greenhouse conditions, and thus serves
as an important reference for the analysis and understanding of the response of the seedlings of this
species in the field. It is necessary to continue field and greenhouse studies in the long and medium term
to determine the possible impact of the rise in sea level on the regeneration of freshwater swamps. This
would make it possible to propose ecological restoration strategies. Additionally, this type of information
is important for developing models of the response of key ecological processes in the establishment of
dominant species of freshwater swamps such as pollination, seed dispersal, productivity, germination
and the establishment of seedlings. The results obtained in this study for A. glabra, as well as those
mentioned for species of freshwater swamps in other regions, show that most of these species will be
negatively impacted by increased flooding and salinity, which makes this type of wetland particularly
vulnerable to climate change, highlighting the importance of extensive research, legislation and
restoration efforts.
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Tables
Table 1 Treatments applied to the seedlings during the experiment. The nine treatments were the result of
the combinations of three levels of the water level and salinity factors

Salinity Water level

  Saturation Flood Flood-Drought

0 ‰ Saturation 0 ‰ (Sat0‰) Flood 0 ‰ (Fl0‰) Flood-Drought 0 ‰ (Fl-Dr0‰)

5 ‰ Saturation 5 ‰ (Sat5‰) Flood 5 ‰ (Fl5‰) Flood-Drought 5 ‰ (Fl-Dr5‰)

15 ‰ Saturation 15‰ (Sat15‰) Flood 15‰ (Fl5‰) Flood-Drought 15‰ (Fl-Dr15‰)

 

Table 2 Number of Annona glabra seedings at the beginning and end of the experiment and percent
survival of seedlings under the different water level and salinity treatments



Page 16/23

Treatment Number of seedlings at the
beginning

Number of seedlings at
the end

Survival
(%)

Saturation 0 ‰ (Sat0‰) 5 5 100

Flood 0 ‰ (Flo0‰) 5 5 100

Flood-Drought 0 ‰ (Flo-
Dro0‰)

5 5 100

Saturation 5 ‰ (Sat5‰) 5 2 40

Flood 5 ‰ (Flo5‰) 5 3 60

Flood-Drought 5 ‰ (Flo-
Dro5‰)

5 3 60

Saturation 15 ‰ (Sat15‰) 5 3 60

Flood 15 ‰ (Flo15‰) 5 2 40

Flood-Drought 15 ‰ (Flo-
Dro15‰)

5 0 0

 

Table 3 Covariance analysis of the growth (height) of Annona glabra seedlings under different salinity
and water level treatments over time. P is the probability that the effect of a factor or covariable is null

Factor Degrees of
freedom 

Sum of
squares

Mean
squares

F P

Salinity 2 1218.0 609.0 25.09 <0.001 

Water level 2 3692.1 1846.1 76.08 <0.001 

Time 1 3830.3 3830.3 157.85 <0.001 

Salinity x water level 4 1145.6 286.4 11.8 <0.001 

Salinity x time 2 417.4 208.7 8.6 <0.001 

Water level x time 2 2230.8   1115.4 45.96 <0.001 

Salinity x water level x
time

4 199.1     49.8 2.05 0.0868 

 

Table 4 Covariance analysis of the increase in the diameter of Annona glabra seedlings under different
levels of salinity and water levels over time and their interactions. P is the probability that the effect of a
factor or covariable is null
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Factor Degrees of
freedom

Sum of
 squares

Mean
squares

F P

Salinity 2 64.88 32.44 36.82 <0.001 

Water level 2 162.16 81.08 92.02 <0.001 

Time 1 308.41 308.41 350.04 <0.001 

Salinity x water level 4 50.77 12.69   14.4 <0.001 

Salinity x time 2 30.32 15.16 17.21 <0.001 

Water level x time 2 140.41   70.2   79.68 <0.001 

Salinity x water level x
time

4 11.79    2.94    3.34  0.01048
  

 

Table 5 Covariance analysis of the number of leaves on Annona glabra seedlings under different salinity
and water levels over time, and their interactions. P is the probability that the effect of a factor or
covariable is null

Factor Degrees of freedom Sum     of squares Mean squares F P

Salinity 2 3213.1 1606.57 62.19 <0.001

Water level 2 2436.4 1218.21 47.16 <0.001 

Salinity: water level 4 347.8  86.96 3.36 0.0101 

 

Table 6 Analysis of variance in the biomass of the roots, stems and leaves of Annona glabra seedlings
under different levels of salinity and water, and their interaction
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 Source of variation Degrees of freedom Sum of squares Mean squares F P

Roots          

Salinity 2 25.27 12.63 6.13 0.005

Water level 2 12.07 6.03 2.93 0.066 

Salinity x water level 4 4.65    1.16 0.56 0.689

Stem          

Salinity 2 13.41 6.7 3.33 0.046

Water level 2 14.09 7.04 3.5 0.040

Salinity x water level 4 2.45    0.61  0.3 0.872 

Leaves          

Salinity 2 3.63 1.81 1.33 0.289 

Water level 2 3.66 1.83 1.35 0.285 

Salinity x water level 4 3.77  1.88   1.39 0.276 

Figures
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Figure 1

Location of the pond apple swamp (flooded), where seeds were collected (freshwater marsh with isolated
pond apple trees (Annona glabra)
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Figure 2

Mean increase in height ± standard error of Annona glabra seedlings under different treatments over the
18 weeks of the experiment. Saturation with 0 ‰ = Sat0‰, Flood with 0 ‰ = Fl0‰, Flood-Drought with
0 ‰ =Fl-Dr0‰, Saturation with 5 ‰ = Sat5‰, Flood with 5 ‰ = Fl5‰, Flood-Drought 5 ‰ = Fl-Dr5‰,
Saturation with 15 ‰ = Sat15‰, Flood 15 ‰ = Fl15‰, and Flood-Drought 15 ‰ = Fl-Dr15‰. Trend
lines are drawn to better distinguish among treatments. They are not the fitted curves
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Figure 3

Mean increase in diameter ± standard error for Annona glabra seedlings under different treatments over
the 18 weeks of the experiment. Saturation with 0 ‰ = Sat0, Flood with 0 ‰ = Flo0‰, Flood-Drought
with 0 ‰ =Flo-Dro0‰, Saturation with 5 ‰ = Sat5‰, Flood with 5 ‰ = Flo5‰, Flood-Drought 5 ‰ =
Flo-Dro5‰, Saturation with 15 ‰ = Sat15‰, Flood 15 ‰ = Flo15‰, and Flood-Drought 15 ‰ = Flo-
Dro15‰. Trend lines are drawn to better distinguish among treatments. They are not the fitted curves
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Figure 4

Mean gain or loss in the number of leaves ± standard error of Annona glabra seedlings under different
treatments after 18 weeks of the experiment. Values with a different letter are significantly different (P
<0.05). Saturation with 0 ‰ = Sat0‰, Flood with 0 ‰ = Fl0‰, Flood-Drought with 0 ‰ =Fl-Dr0‰,
Saturation with 5 ‰ = Sat5‰, Flood with 5 ‰ = Fl5‰, Flood-Drought 5 ‰ = Fl-Dr5‰, Saturation with
15 ‰ = Sat15‰, Flood 15 ‰ = Fl15‰, and Flood-Drought 15 ‰ = Fl-Dr15‰



Page 23/23

Figure 5

Final mean biomass (dry weight) for the roots (a), stem (b) and leaves (c) ± standard error for Annona
glabra seedlings under the different levels of water level and salinity


