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Abstract
With projected increase in storms, sea-level rise and saltwater intrusion in low-lying terrestrial areas, compositional changes that
favor more salt tolerant species are likely to occur. Wetland species are expanding into declining forested communities, primarily
dominated by trees. Higher salinities for germination may preclude establishment of tree species. We examined the capacity for
coastal tree species (Acer rubrum, Liquidambar styraciflua, Pinus taeda, Celtis occidentalis, Persea borbonia) and a wetland
shrub (Morella cerifera) to germinate at salinity concentrations of 0, 2, 5, 10, and 20 ppt. A growth chamber experiment was
established examining the effect of salinity on germination of common species found in mixed forests throughout the mid-
Atlantic coastal plain and Gulf of Mexico, USA. The study revealed that regeneration from seed will be difficult for most of the
selected species at salinities >5 ppt with implications for community composition with continued saltwater intrusion.
Germination of A. rubrum was not impacted at higher salinities, with Pinus taeda not as affected other species.Morella cerifera
did not have an advantage at the germination stage over selected tree species. Knowing threshold limits of germination response
to salinity is critical for identifying future community trajectories.
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Introduction

Factors that facilitate the formation of ghost forests in coastal
ecosystems are on the rise and forests are being replaced by
more salt-tolerant communities (Kirwan and Gedan 2019;
Fagherazzi et al. 2019). Increases in soil salinity play a major
role in forest decline and transitioning at early stages of plant
development (Williams 2013). Soil salinity increases in plant
communities through several factors such as storm surges,

drought, salt intrusion through land subsidence, and sea-
level rise (Hayden and Hayden 2003; DeSantis et al. 2007;
Fernandes et al. 2018; Kirwan et al. 2016; Schieder et al.
2018). The long-term ecological implications for regeneration
of forested coastal plant communities is not well understood,
particularly in temperate coastal forests (Williams 2013) as
plant response to disturbance can shift species distributions
(Ash et al. 2017). Disturbances increase heterogeneity within
the landscape, resulting in visible (e.g. short-term structural
damage) and invisible effects (e.g. long-term community re-
generation) on community dynamics (Lugo 2008). Long-
lived tree species die over time due to higher salinity; howev-
er, the extent to which coastal forests can regenerate is unclear.

Coastal communities are highly driven by environmental
filtering (i.e. salinity andwind) and plants assemble based on
their capacity to withstand environmental stresses
(Ehrenfeld 1990). The response to increased salinity can be
species-specific and decrease overall total germination
(Paudel and Battagilia 2013). Species-specific responses
can restructure species dominance in a communitywhen spe-
cies with lower salt tolerances are impeded from colonizing
areas with higher salinities (Langston et al. 2017; Liu et al.
2017). The reduction and replacement of coastal forests due
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to changes in the environment has been reported throughout
the Atlantic and Gulf coast regions (Conner et al. 2005;
Schieder et al. 2018), particularly, along forest/marshbound-
aries (DeSantis et al. 2007;Kirwan et al. 2016; Schieder et al.
2018). Sea-level rise, storm events, and saltwater intrusion
result in marsh expansion into upland with differential con-
sequences for long-lived trees that depend on freshwater for
survival. A recent study shows that trees may resist tidal
marsh expansion (Field et al. 2016); however, little is known
about the long-term regeneration ability of trees in areas ex-
posed to higher salinities.

Examining coastal forest response to elevated salinity is
essential for understanding and predicting community regen-
eration. The niche in which a seed germinates plays a funda-
mental role in community regeneration at later life stages
(Bochet 2015). The abiotic environment can have a strong
influence on when germination occurs in coastal ecosystems,
and the timing of germination has consequences for later life
stages. If species are plastic in their response, theymay be able
to withstand perturbations in the environment (Paudel and
Battagilia 2013); however, for some species disturbance may
delay germination which alters the competitive landscape for
interacting species (Walck et al. 2011). If a species cannot
recruit, then colonization cannot occur.

Relatively little is known about the contribution of early
life stages to species distributions in communities (Fraaije
et al. 2015). When considering community regeneration an
examination of the entire life cycle of species is important
because levels of vulnerability to disturbance change with
ontogeny. Seed germination and emergence are vital phases
of the plant life cycle that are highly dependent on environ-
mental filters and can be a bottleneck for community regener-
ation (Donohue et al. 2010). Since the extent to which plants
respond to increases in salinity is unclear, exploring species’
tolerances to the post disturbance environment during recruit-
ment and the potential for compositional change is necessary.

Morella. cerifera (L.) is a moderately salt-tolerant shrub
(Tolliver et al. 1997) that is encroaching in many coastal areas
throughout the Atlantic and Gulf coast regions (Battaglia et al.
2007; Huang et al. 2018). Specifically, M. cerifera has ex-
panded over 40% in the last 30 years along the Virginia
Coast Reserve barrier islands (Zinnert et al. 2011). The current
study is motivated in part by the decrease in coastal forests on
Parramore Island, VA, where discontinuous portions of for-
ests are located along a marsh boundary and M. cerifera is
expanding (Fig. 1). It is unknown if there is an advantage for
M. cerifera at the germination stage of development over
coastal species. Through this research we aim to answer the
following questions: (1) To what extent does elevated soil
salinity impact the percent total germination of selected coast-
al forest species? (2) What is the effect of elevated soil salinity
on the timing of germination for the selected species? and (3)
What is the probability of species not germinating due to

higher salinities? To increase the accuracy of modelling the
future trajectory of coastal communities, it is vital to know
how species will respond to the altered post-disturbance envi-
ronment particularly regarding soil salinity during early stage
development.

Methods

Plant Species

A growth chamber experiment was set up to examine the
effect of soil salinity on the germination of common species
that can be found inmixed forests throughout the mid-Atlantic
coastal plain and Gulf coast regions. Due to high seed avail-
ability and germination rates, Acer rubrum (L.), Liquidambar
styraciflua (L.), Pinus taeda (L.), Celtis occidentalis (L.),
Persea borbonia (L.) and M. cerifera were the selected spe-
cies in this study. Additional species (i.e. Quercus rubra (L.),
Ilex opaca (L.), and Juniperus virginiana (L.) were tested but
failed to germinate due to seed viability or germinated during
cold stratification, and thus were not included in the analysis.
Acer rubrum, L. styraciflua and C. occidentalis are all decid-
uous species. Pinus taeda, P. borbonia, andM. cerifera are all
evergreen species.

The species used in this study are broadly distributed in
eastern and southeastern US coastal environments. Most of
the study species are tolerant to aerosol salt spray in their adult
forms including Morella spp. (formerly Myrica spp.) (Flint
1985; Gilman and Watson 1993; Gilman and Watson 1994;
Schultz 1997). In coastal areas, salt sensitive species are found
more inland where salinity is relatively low (Ehrenfeld 1990).
Celtis occidentalis, P. borbornia andM. cerifera are bird dis-
persed. Pinus taeda, L. styraciflua and A. rubrum all are wind
dispersed but are capable of dispersing seed away from the
parent canopy (Kormanik 1990; Schultz 1997). Capacity for
distant dispersal is a vital factor for seedling establishment in
favorable habitats (Rey and Alcántara 2000). The seedling
stage is the most vulnerable stage of development and will
succumb more readily to perturbations in the freshwater hab-
itat. Salinity has been shown to adversely impact establish-
ment of woody species (Pezeshki 1992; Middleton 2016).
The seed stage of development is more tolerant to perturbation
than the seedling stage because seeds can delay germination if
conditions are unfavorable (Donohue et al. 2010). The extent
to which high salinity precludes the germination of woody
species is unclear.

Growth Chamber Germination Experiment

All seeds for this study were collected along the Atlantic
coastal plain from Virginia and North Carolina and most can
also be in Gulf coast regions. Seeds were stratified according
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to protocols described in Young and Young (1992). In addi-
tion to stratification, M. cerifera was scarified to remove the
waxy coat. Seed flotation tests were used to determine seed
quality for all seeds. To examine the effect of salinity on
germination, twenty-five seeds of each of the six species were
exposed to five salinity treatments (0, 2, 5, 10, and 20 ppt)
with four replicates per treatment for each species. Seeds were
placed in five rows and five columns on top of the substrate.
Germination experiments for each replicate per species were
performed in 6 × 6 × 3 clam shell plastic containers with per-
forations in the bottom and filled with a 3:1 sand: soil mixture.
The salinity treatments were made using dilutions of a com-
mercial mixture that approximates ocean salts (Instant Ocean,
Aquarium Systems). Hoagland solution was added to each
salinity treatment to approximate nutrients in the natural soil
environment. Hoagland solution and specific nutrient concen-
trations were prepared exactly as described by Hoagland and
Arnon (1950). There were no differences in nutrients among
the five treatments and salinity treatments were verified before
application during the experiment. Salinity treatments (con-
taining Hoagland solution) were added to the respective rep-
licates every five days to account for evaporation. Replicates
were placed in a single growth chamber (model E15,
Conviron, Pembina, N. D.) with a 14-h photoperiod and a
25:20 °C temperature regime at a photon flux density of
400 μmol m−2 s−1. A seed that contained a radicle of 2 mm
was counted as germinated. Seeds were treated and observed
for 55 days.

Statistical Analysis

The process of germination was analyzed by determining total
germination, mean germination time, mean germination rate
and Kaplan-Meier survival curves. To determine the effect of
soil salinity on total germination we calculated total percent
germination by summing all seeds that germinated per treat-
ment over the course of the experiment. To determine seed
vigor, we calculated mean germination time (MGT), the time
to 50% germination for each species. To determine if there
was a delay in germination relative to the control treatment,
we calculated mean germination rate (MGR), which measures
the speed of germination. MGR was calculated by taking the
reciprocal of the mean germination time (Ranal et al. 2009).
We analyzed these indices using two-way ANOVA and post-
hoc Tukey tests to determine significant differences among
treatments and species. Kaplan Meier curves were used to
determine the probability of not germinating as described by
McNair et al. (2012). For analysis of the Kaplan Meier sur-
vival curves, we performed multiple log-rank tests to deter-
mine significant differences in survival times of species
among treatments. Salinity and species were fixed effects in
the model and were categorical variables. Each species was
modelled separately to examine the effect of salinity. We ad-
justed the alpha for the multiple comparisons using a
Bonferroni correction (α = 0.005). JMP Version 13 (SAS
Institute, Inc., 2016) software was used for the statistical
analyses.

Fig. 1 Maritime forest along a
tidal marsh boundary on
Parramore Island, VA 2018.
Showing from foreground to
background marsh grasses,
invasive Phragmites spp.,
M. cerifera and P. taeda. Photo
credit, Natasha Woods
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Results

Total Percent Germination

On average total percent germination declined with increasing
salinity for all species except A. rubrum, Supplementary Fig.
1); A. rubrum had the highest percent germination and
C. occidentalis the least, regardless of salinity treatment.
There was a significant treatment (F = 111.4, p < 0.0001)
and species (F = 222.7, p < 0.0001) effect for total % germi-
nation. There was also a significant species x treatment inter-
action (F = 5.2, p < 0.0001, Fig. 2). Acer rubrum and P. taeda
were the only species to germinate at 20 ppt. Pinus taeda
germination did not differ from A. rubrum at 0, 2, and 5 ppt;
however, at 10 ppt its germination became comparable to all
other species germinating at lower levels of salinity (0 ant
2 ppt). Only L. styraciflua at 5 ppt had comparable germina-
tion to P. taeda at 10 ppt. Germination forM. ceriferawas not
different from P. borbonia and C. occidentalis with the con-
trol or with increases in salinity (2, 5, 10 ppt).

Mean Germination Time.
Increased salinity differentially affected the MGT of the

selected species. It took longer for P. borbonia to reach
MGT than all other species (p < 0.0001) and it took less time
for A. rubrum to reach MGT (p < 0.0001) (Supplementary
Fig. 2). Mean germination time had a treatment (F = 158.5, p
< 0.0001), species (F = 116.0, p < 0.0001), and interaction ef-
fect (F = 25.0, p < 0.0001; Fig. 3). Salinities of 2, 5 and 10 ppt
increased MGT relative to the control (Supplementary Fig.
2). When averaged across all salinities 10 ppt significantly

increased mean germination time. Twenty ppt decreased
MGT because P. borbonia, L. styraciflua, M. cerifera, and
C. occidentalis did not germinate at this salinity. Acer rubrum
was the only species that did not experience a significant de-
crease in MGT due to salinity.

Mean Germination Rate.
As seen in total germination and MGT, there was a treat-

ment (F = 101.4, p < 0.0001) and species (F = 722.4, p <
0.0001) effect for mean germination rate (MGR). There was
also a species x treatment interaction (F = 8.02, p < 0.0001,
Fig. 4). MGR did not differ at low salinities, 0 and 2 ppt but
was slowed at all other salinities (Supplementary Fig. 3).
Across all treatment levels, MGR was fastest in A. rubrum,
followed by P. taeda and C. occidentalis (Supplementary
Fig. 3). There were no differences between L. styraciflua
and M. cerifera. Persea borbonia had the slowest MGR.
MGR was the same for A. rubrum at all salinities and faster
than all other treatment and species combinations (Fig. 4).
Pinus taeda germination at higher salinities (5 ppt and
10 ppt) were significantly different from mean germination
rates at lower salinities (0 ppt and 2 ppt). Persea borbonia
had the lowest mean germination rate, across all salinity
levels, but was not significantly different from M. cerifera.

Kaplan-Meier Probability

The probability of not germinating increased with salinity
for all species except A. rubrum. Kaplan-Meier curves and
log-rank tests revealed significant differences in seed ger-
mination based on soil salinity for most of the selected

Fig. 2 Total Percent Germination graphs show that total percent
germination decreased for L. styraciflua, P. taeda, C. occidentalis,
P. borbonia and M. cerifera with increased salinity. Only A. rubrum

and P. taeda germinated at 20 ppt. Different letters represent significant
differences in salinities at which species germinated. These results are
from two-way ANOVA analysis
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species in this study. All species L. styraciflua, P. taeda,
C. occidentalis, P. borbonia and M. cerifera (p < 0.0001,
p < 0.0001, p < 0.0001, p < 0.0001, p < 0.0001, respective-
ly) showed a response to salinity except A. rubrum. Most of
its germination was completed by day 5. However, for
L. styraciflua most germination occurring between days
10–30 days (Fig. 5). Pinus taeda experienced early germi-
nation with most germination occurring between days 5–30.

Celtis occidentalis also experienced early germination, but
most germination occurred over a shorter period, 5–15 days,
after which, most seeds stopped germinating. Persea
borbonia had the longest germination time with the first
germination at day 15 and most of the germination occur-
ring between days 25–50. The shrub, M. cerifera, started
germinating on day 15 as well and most of its germination
occurred between days 15 and 40. There were differences in

Fig. 4 Mean germination rate (MGR) shows that there is a delay in
germination at higher salinities for L. styraciflua, P. taeda,
C. occidentalis, andM. cerifera. Acer rubrum at all salinities had a higher

MGR. Different letters represent significant differences in salinities at
which species germinated. These results are from two-way ANOVA
analysis

Fig. 3 Mean germination time (MGT) graphs show that P. borbonia took
longer to reach mean time germination that any other species at 5 and
20 ppt. Of all species A. rubrum took the least amount of time to reach

MGT. Different letters represent significant differences in salinities at
which species germinated. These results are from two-way ANOVA
analysis
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the patterns of germination for all species affected by higher
salinity. Pairwise comparisons show that the threshold for
salinities too high for germination to occur appear to be
reached between salinities of 2 and 5 ppt for all species
responding to the treatments. A salinity of 10 ppt is too high
for most of the selected species to germinate (Table 1).

Discussion

With projected increases in sea-level rise and saltwater intru-
sion in low-lying terrestrial and tidal freshwater environments
(Sallenger et al. 2012), compositional changes that favor more
salt-tolerant species are likely to occur (Conner 2007; Doyle

Fig. 5 Kaplan-Meier survival curves show the probability of each species not germinating over the 55-day time period. Each time step represents a
germination event

Table 1 P-values of Kaplan
Meier survival curve pairwise
comparisons of salinity
treatments within each species.
Alpha level was adjusted for
multiple comparisons using a
Bonferroni correction (α =
0.005). Acer rubrum was not
included because there were no
significant differences among
treatments. Asterisks represent
significant differences in salinities
at which species germinated

Pairwise Comparisons Species

L. styraciflua P. taeda C. occidentalis P. borbonia M. cerifera

0 ppt: 2 ppt 0.1110 0.8930 0.0960 0.1220 0.1020

0 ppt: 5 ppt <0.0001* 0.0080 <0.0001* 0.0141* 0.1510

0 ppt: 10 ppt <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

0 ppt: 20 ppt <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

2 ppt: 5 ppt 0.0002* 0.0080 0.0030* 0.3690 0.0010*

2 ppt: 10 ppt <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

2 ppt: 20 ppt <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

5 ppt: 10 ppt 0.0020* 0.0002* 0.0280 0.0003* 0.0070

5 ppt: 20 ppt <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

10 ppt: 20 ppt <0.0001* <0.0001* 0.0130 <0.0001* <0.0001*
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et al. 2010) in coastal forests. In this study we set out to
determine the potential for coastal tree species to regenerate
at higher salinities and determine if a moderately salt-tolerant
shrub that is found in freshwater wetlands, M. cerifera, has
advantages during germination that may contribute to its ex-
pansion in coastal forests. This study showed thatM. cerifera
does not have an advantage at the germination stage over the
tree species in this study. Its total germination was equally
affected by salinity as P. borbonia and C. occidentalis and
reduced relative to A. rubrum and P. taeda. Salinity increased
mean time to germination for M. cerifera, P. borbonia,
L. styraciflua, and P. taeda. With increased salinity (> 5 ppt)
it took longer for these species to reachmean time germination
relative to the controls.

Soil salinity is an important factor for early stages of de-
velopment for many species. Paudel and Battaglia (2015) and
Middleton (2016) showed that germination decreased for trees
and shrubs as salinity increases. However, soil salinity does
not always control the distribution of adult vegetation. Martin
and Young (1997) documented spatial and temporal differ-
ences in soil salinity across Hog Island, VA and noted that
J. virginiana patterns were not established in accordance with
soil salinity. For some species, zonation patterns are set at
earlier stages of development. Adult trees and shrubs are still
affected by salt in the form of aerosols, which may contribute
to their overall persistence (Wells and Shunk 1938; Bellis and
Keough 1995).Morella cerifera appears limited by soil salin-
ity at earlier life stages (Woods et al. 2019) but can withstand
saltwater flooding at the adult stage (Naumann et al. 2008; Liu
et al. 2017). The extent to whichM. cerifera persists at earlier
life stages relative to neighboring tree species may determine
overall community trajectory.

In the current study, A. rubrum and P. taeda, both wind-
dispersed species, experienced greater total germination
than all other species with increasing levels of salinity.
Acer rubrum was not affected at all at the germination stage
of development by increasing levels of salinity. A recent
study showed that after Hurricane Sandy, A. rubrum trees
were negatively impacted by saltwater flooding but were
able to recover over time (Hallett et al. 2018). Total germi-
nation of P. taeda decreased at higher salinities; however,
even at 10 ppt germination capacity was higher than all
other selected species, except A. rubrum and L. styraciflua
at low salinities. Records show that P. taedawas a dominant
species on Virginia barrier islands seven years before
Hurricane Isabel in 2003 (unpublished data). Both
A. rubrum and P. taeda appear to have the capacity to be
resilient to soil salinity disturbance at the germination stage
but they may be affected by salinity as seedlings and adults
(Johnson and Young 1993; Donohue et al. 2010; Hallett
et al. 2018). As the environment changes to one with vari-
able soil salinity, these species may be able to persist
through regeneration.

Total germination of L. styraciflua, C. occidentalis,
P. borbonia and M. cerifera were all affected by >10 ppt soil
salinities, with no germination at 20 ppt. Liquidambar
styracif lua appears to be more salt- tolerant than
C. occidentalis, P. borbonia andM. cerifera at low salinities;
however as salinity increased its germination became compa-
rable to species over which it may have had a competitive
advantage in a low salinity environment. Total germination
of L. styraciflua would be the most impacted by increased
salinity because at low salinities it had germination compara-
ble to that of A. rubrum and P. taeda; however, L. styraciflua
experienced the greatest loss with increased salinity (58% de-
crease from 2 to 5 ppt). This reduction of regeneration poten-
tial in L. styraciflua could cause compositional changes for-
ests where it is dominant if the adult species experience a high
mortality event.

Altered patterns of regeneration can cause compositional
changes in forests (Johnstone et al. 2016). Increased soil sa-
linity delayed germination of L. styraciflua, P. taeda,
C. occidentalis and M. cerifera. As P. taeda germination
was high, a delay in germination had less impact overall.
Conversely, for species with low germination rates
C. occidentalis, a delay in germination, due to soil salinity,
reduced its regeneration potential. Persea borbonia and
M. cerifera, common species in wet maritime forests through-
out the Atlantic and gulf coasts (Gresham 1985), experienced
the lowest MGRs. They were slow to start germinating with-
out increased salinity. They are both broadleaf evergreen spe-
cies that are often found in association with one another,
P. borbonia dominant in the canopy layer while, M. cerifera
dominant in the shrub layer. While increased salinity did not
delay the germination of P. borbonia, it delayed the germina-
tion of M. cerifera at 10 ppt. A delay in germination could
cause nutrients to be usurped by species that can germinate at
higher salinities, which could impact competitive dynamics at
the seedling stage of development. The result of species
experiencing delayed germination or being prevented from
germinating due to their level of salinity tolerance is commu-
nity transitioning or retreating (Williams 2013; Langston et al.
2017).

Kaplan-Meier curves showed that P. borbonia took the
longest to germinate, but germination was steady and
consistent once it occurred. Slow germination was not due to
higher soil salinities, except at 20 ppt. This indicates that
P. borbonia can regenerate up to 10 ppt. However, a delay
in germination may affect future forest composition,
especially in competition with an expanding shrub
population. Conner and Askew (1993) showed that
P. borbonia and A. rubrum seedlings were not able to persist
after up to five days of flooding with a high salinity treatment
(20–27 ppt). Even though A. rubrum germinates at salinities
as high as 20 ppt, the seedling stage of development may limit
its relative abundance in coastal forests under saline flooded
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conditions. Tolerance to an altered environment at early de-
velopmental stages is essential for persistence in a community.

With the timing of nor’easters coinciding with the germi-
nation of many coastal forest tree species, salinity will be a
major factor affecting future tree regeneration. Trees at the
forest/marsh boundary are particularly susceptible to loss of
habitat as sea-level rises and upland migration of marshes
advances. Forests understory tree species are being replaced
by halophytic species (Williams 2013). Empirically, the for-
mation of ghost forests and changes in vegetation along many
mid-Atlantic and Gulf coast regions suggest that salinities of
5 ppt are regularly exceeded (Williams 2013; Thomas et al.
2015; Kirwan and Gedan 2019). Entire forests in the mid-
Atlantic and southeast are either retreating or transitioning in
favor of more salt tolerant species (Williams 2013; DeSantis
et al. 2007; Kirwan et al. 2016). It is hard to project changes in
salinity for coastal forests with continued sea-level rise and
saltwater intrusion because these systems are dynamic. Salt
intrusion may increase soil salinity temporarily and prevent
germination, but a pulse of freshwater may decrease salinity
allowing species to regenerate. The current study reveals that
if trees succumb to salt intrusion, regeneration from seed will
be difficult for most species at higher (i.e. >5 ppt) salinities,
potentially altering community composition. Some species
(i.e. A. rubrum, P. taeda) can germinate quickly at multiple
salinity levels but may not grow to adult form with increased
salinity. Other species (i.e. C. occidentalis, L. styraciflua,
P. borbonia and M. cerifera) are more vulnerable at the seed
stage to salinity. Knowing threshold limits of germination
response to salinity is critical for future modeling of forest
response to sea-level rise and storm events. Regeneration from
seed is slow, but also determines future community trajectory
after disturbance events.
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