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Can elevated CO2 modify regeneration from seed banks
of floating freshwater marshes subjected to rising sea-level?
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Abstract Higher atmospheric concentrations of CO2

can offset the negative effects of flooding or salinity on

plant species, but previous studies have focused on

mature, rather than regenerating vegetation. This study

examined how interacting environments of CO2, water

regime, and salinity affect seed germination and

seedling biomass of floating freshwater marshes in

the Mississippi River Delta, which are dominated by

C3 grasses, sedges, and forbs. Germination density and

seedling growth of the dominant species depended on

multifactor interactions of CO2 (385 and 720 ll l-1)

with flooding (drained, ?8-cm depth, ?8-cm depth-

gradual) and salinity (0, 6% seawater) levels. Of the

three factors tested, salinity was the most important

determinant of seedling response patterns. Species

richness (total = 19) was insensitive to CO2. Our

findings suggest that for freshwater marsh communi-

ties, seedling response to CO2 is species-specific and

secondary to salinity and flooding effects. Elevated

CO2 did not ameliorate flooding or salinity stress.

Consequently, climate-related changes in sea level or

human-caused alterations in hydrology may override

atmospheric CO2 concentrations in driving shifts in

this plant community. The results of this study suggest

caution in making extrapolations from species-specific

responses to community-level predictions without

detailed attention to the nuances of multifactor

responses.

Keywords Climate change � Coastal land loss � CO2

enhancement � Floating marsh � Gulf of Mexico �
Salinity intrusion � Sea level rise � Seed bank

Introduction

The regeneration of plant species during climate

change may hold the key to the future species patterns

in ecosystems (Woodward et al., 1991). In coastal

ecosystems, regeneration may be dictated by distur-

bances related to hurricanes, water fluctuation, and/or

saltwater intrusion (Platt & Connell, 2003; Middleton,

2009a, b, c, d). These disturbances may increase in the

future with climate change, particularly because of

increased hurricane activity, sea-level rise (Michener

et al., 1997), or declining freshwater input because of

inland freshwater diversion or abstraction along rivers

(Middleton, 1999). Experimental studies of species in

freshwater wetlands indicate that water depth and

salinity changes can greatly alter seed germination

and seedling growth of species (Middleton, 1999,

2009a, d; Howard & Mendelssohn, 2000; Brock et al.,

2005).
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Especially for freshwater marsh species, the out-

comes of post-disturbance regeneration may depend

on species-specific responses of seeds and seedlings to

future conditions of rainfall, sea level, and associated

factors. While ‘‘regeneration’’ refers to the reestab-

lishment of vegetation after disturbance either by seed

or vegetative means (Middleton, 1999), in this study,

only materials originating from seed banks were

considered. Knowledge of the potential role of seed

banks in supplying regenerative material to wetlands

after disturbance is important; after large-scale distur-

bance, seed banks can be an important source of

regenerative material (Leck, 1989; Middleton et al.,

1991), supplying as much as 80% (Jarvis & Moore,

2010). Nevertheless, detailed information regarding

species responses to important abiotic and biotic factors

is mostly lacking for wetland species (Middleton, 1999).

Regeneration studies undertaken in controlled environ-

ments could improve our understanding of the potential

maintenance of species in future climate settings, and

inform modeling efforts.

Future environments for regeneration in freshwater

may involve novel combinations of increased atmo-

spheric CO2 (IPCC, 2007), temperature, sea level,

salinity (Michener et al., 1997), precipitation (Easterling

et al., 2000), and hurricane activity (Webster et al.,

2005). Careful assessment of any interactive effects of

these environmental factors is important in projecting

the future responses of freshwater wetland species to

climate change. Of these factors, CO2 has received

much emphasis in ecosystem modeling (Mayle et al.,

2004; Hickler et al., 2009) and empirical field studies in

wetlands (Rasse et al., 2005), but only rarely studied in

tandem with multifactor interactions (McKee & Rooth,

2008; Cherry et al., 2009; Langley et al., 2009).

While single-factor studies of CO2 effects may miss

critical details of the potential multiple-factor

responses of freshwater wetland species to climate

change, considerations of the findings of these studies

are important. Single-factor studies of CO2 often report

that the carbon assimilation strategies of plant species

dominate outcomes, with C3 species more responsive

than C4 species to elevated atmospheric CO2 (Osmond

et al., 1980; Bazzaz, 1990). For example, C3 brackish

marsh species such as Schoenoplectus americanus

increase in biomass when subjected to elevated CO2

levels (Curtis et al., 1989, 1990; Ziska et al., 1990;

Rasse et al., 2003). While most studies find that

terrestrial C3 species grow faster under elevated CO2,

the growth response of C3 seedlings to elevated CO2

can be negative (Garbutt et al., 1990), or positive for C4

species (Wand et al., 1999).

There is a logical expectation that elevated CO2

could increase the growth of C3 species under stressful

conditions, including anaerobic or saline environments

(i.e., an interactive effect). For example, elevated CO2

offsets the effects of salinity on the biomass of

S. americanus in brackish marshes (Cherry et al.,

2009). C3 species of salt marshes generally had higher

biomass in elevated CO2, but the response varied for

species depending on water regime and/or salinity

levels (Cherry et al., 2009). In other studies, C4 species

did not increase growth in enhanced CO2 in any water

regime or salinity level (Rozema et al., 1991; Lenssen

et al., 1993). In elevated CO2, the seedlings of

Taxodium distichum (C3), a freshwater swamp species,

did not have a higher biomass in flooded conditions,

but seedlings of Orontium aquaticum (C3) had higher

biomass when exposed to elevated CO2 in both flooded

and unflooded conditions (Megonigal et al., 2005).

As a further complication in understanding the

effects of CO2 on the regeneration of wetland species,

single-species experiments could miss important

biotic interactions. In one experiment, growth of the

mangrove Avicennia germinans (C3) was higher in

elevated CO2 when grown in monoculture, but when

grown in mixed cultures with Spartina alterniflora

(C4), the growth was suppressed (McKee & Rooth,

2008). While both C3 and C4 species may have

enhanced growth in elevated CO2, the specific

response of species may depend on a large array of

biotic and abiotic factors. Therefore, freshwater wet-

land species subjected to multiple interacting factors

may or may not benefit from CO2 enrichment.

‘‘Benefit’’ is defined for the purposes of this study as

an increase in seed germination density or seedling

biomass. Many factors other than CO2 may affect the

outcome of regeneration in freshwater wetlands

undergoing climate change. Nevertheless, basic infor-

mation for species related to either single-factor or

interacting multifactor responses to CO2, water regime

and salinity is limited (Middleton, 1999).

Few multifactorial studies have been conducted to

explore the responses of wetland species to interac-

tions of CO2, water regime and salinity (e.g., Cherry

et al., 2009; Langley & Megonigal, 2010), even

though enhanced CO2 might have the potential to

offset the negative impact of flooding and salinity on
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seed germination and seedling growth in wetland

species. Controlled greenhouse, laboratory, and field

studies could help us better understand species’

responses to environmental changes related to climate

change factors, to aid modeling, and/or assist efforts to

categorize functional types. The species of the floating

marshes of Lake Salvador in coastal Louisiana are

excellent candidates for studies of potential multifac-

torial interactions in wetland environments. These

wetlands constitute some of the southernmost fresh-

water wetlands in central North America (Swarzenski

et al., 1991), and are thus likely to be directly impacted

in the future by shifts in levels of CO2, water level, and

salinity along the Gulf Coast. These wetlands lie

within the Barataria Basin of the Mississippi River

Deltaic Plain in the most recently abandoned channel

of the Mississippi River (Swarzenski et al., 1991).

The overall goal of this study was to examine

regeneration from the seed bank of these freshwater

floating marshes in response to various combinations

of CO2, water regime, and salinity. Our specific

objectives were to determine if (1) elevated CO2 might

ameliorate stress effects of sea-level rise (increased

flooding and salinity) on species richness, density, or

biomass of seedlings emerging from the seed bank;

and (2) species responses to CO2 and other factors

were generally similar or individualistic.

Materials and methods

Study area

Floating freshwater marshes are common in Louisiana

(Russell, 1942), India (Middleton et al., 1991; Mid-

dleton, 1999), Africa (Migahid, 1947; Gaudet, 1977;

Thompson, 1985), and South America (Junk, 1970). In

Louisiana, floating marshes often lie on the coastal

side of T. distichum swamps (Middleton, personal

observation). In the Lake Salvador marshes, the water

levels are the highest in the winter, and influenced only

minimally by tides (Sasser et al., 1996). The vegeta-

tion floats on a buoyant mat of peat that is not

anchored. The mat may settle on the underlying

substrate during low water events. During flooding,

water may flow above or below the mat (Swarzenski

et al., 1991). Saline water enters Lake Salvador

through tidal inlets from the Gulf of Mexico

(maximum salinity = 4; Swarzenski et al., 1991) so

that floating marshes near Lake Salvador have a range

of salinity from freshwater to brackish (Swarzenski &

Swenson, 1994). We studied freshwater marshes in the

Lake Salvador Management Area, which had lower

levels of salinity than the intermediate type

(Swarzenski et al., 1991). The dominant species in the

Lake Salvador Management Area are of the C3 assim-

ilation type including Cyperus haspan, Hydrocotyle

verticillata, Panicum hemitomum, Sagittaria lancifolia,

and S. americanus (Swarzenski et al., 1991).

Experimental approach

Seed bank material was collected in the Lake Salvador

Management Area (29�48.513N; 90�18.677W) on

April 17, 2003. The peat for the seed bank study was

lifted from 10 randomly selected points in the marsh.

With shears, the shoots were separated from the

rhizomes and roots, just below the marsh surface.

The entire top 10 cm of peat was removed from each of

the sample quadrats in a 1-m2 area, and placed into a

bag. The collected peat was held for 1.5 months in a

cold room (at ca. 5�C). On June 7, 2003, rhizomes were

removed from the peat, and the peat samples from all

collection sites were thoroughly homogenized together

by hand. The homogenized peat (1 cm) was placed

over a layer of vermiculite and sand in 10 9 15 cm

pots, and placed into the Wetland Elevated CO2

Experimental Facility (WECEF), USGS National

Wetlands Research Center, Lafayette, LA (30�22.3N;

92�1.9W).

WECEF consisted of four greenhouses and a control

room that housed CO2 and environmental monitoring

equipment. Two greenhouses were randomly assigned

to elevated CO2 (720 ll l-1 = elevated) and the other

two to ambient CO2 (385 ll l-1) treatments. CO2

concentrations were continuously monitored and kept

within ±5% of the set-point through automated feed-

back regulation of flow meters supplying CO2 gas to the

greenhouses (see McKee & Rooth, 2008). One model of

the IPCC (2007) projects a doubling of CO2 by 2050,

which was the basis for selecting the elevated level of

CO2 in the experiment. Photosynthetically active radi-

ation, humidity, and temperature were also monitored

(data not shown). Greenhouse temperatures were

allowed to fluctuate naturally, although evaporative

cooling systems prevented higher-than-ambient tem-

peratures during the warmer months. Temperature
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control is impossible without shading during hottest

months at this latitude in south Louisiana. Shade cloth

was present on the roof (not sides) of the greenhouse and

only during the hottest months (June–September); light

was mainly attenuated from 10 am to 2 pm while the

sun was highest (June–September 600 lmol m-2 s-1 at

midday).

Six pots of peat were placed into each of 24 plastic

bins, which were assigned to three water and two

salinity regimes. Salinity levels were set at 0 and 2

(low and high salinity, respectively), which simulated

freshwater and 6% sea-strength conditions using

Instant Ocean�. The flooding treatments from low to

high included freely drained, gradually increasing

water levels to 8 cm above soil surface, and initially

flooded to 8 cm (low, gradual, and high, respectively).

To prevent any floating of materials, all of the seed

bank pots in all the treatments were watered to the top

of the pot to allow the peat to settle, and then, the water

treatments were applied. For the gradually increasing

water regime, the water level was increased by 1 cm

per week for 8 weeks, starting on June 20, 2003 after

seeds had germinated; the flooded treatment was

raised to 8 cm slowly on the same day to avoid

dislodging peat from the pot. For our purposes, the

gradually increasing water regime was an intermediate

level treatment between low and high water levels.

Each greenhouse (2 ambient, 2 elevated CO2) con-

tained all combinations of three water regimes and two

salinity levels (6 bins).

Each bin was watered daily with distilled water to

maintain the water depths and salinity levels in the

bins. A pot of vermiculite was placed into each bin to

test for seed contamination. To fertilize the plants, a

modified Hoagland solution was added to the water

weekly (1 mol m-3 MgSO4, 2 mol m-3 KH2PO4,

2.5 mol m-3 CaCl2, 2.0 mol m-3 NH4Cl; trace ele-

ments as mg dm3: Fe (2.5), Mn (0.25), Cu (0.01), Zn

(0.025), Mo (0.025), B (0.25).

The seedlings were harvested starting on November

18, 2003. Each seedling was separated from the peat,

placed into a marked bag, counted, and dried in an

oven at 70�C. Roots and shoots were weighed

separately. While seed contamination within the study

was found to be minimal based on seedling emergence

from vermiculate samples, Utricularia grew between

submerged pots, so that we were unable to determine

its origin. Nomenclature follows the U.S. Department

of Agriculture (2011a, b).

Statistical analyses

Seed densities were calculated per m2 based on the pot

size (m2 conversion = 62). This common procedure is

used to standardize reported seed germination values,

and is based on the idea that the density of seeds is

related to the surface volume in the upper 1 cm2 of the

soil sample (Middleton et al., 1991). In this way,

the technique of using a thin layer of peat in the

greenhouse pots best characterizes the seeds in the

upper 10 cm of the peat collected from the field site.

The experimental design was a split-plot with CO2

as the main plot, and salinity and water level

treatments as the subplots. Thus, each pair of

elevated-ambient greenhouses constituted a complete

block (total of 2 blocks). Three-way ANOVAs were

performed on mean seed density, seedling mass, and

species richness with main effects of CO2 level,

salinity and water regime, and their interactions

examined using a mixed model. CO2, salinity, and

water level were fixed effects in the model; green-

house (nested within CO2) was a random effect in the

model. The CO2 effect (main plot) was tested against

greenhouse (nested within CO2), and the subplot

effects and interactions were tested with subplot error

(Scheiner & Gurevich, 1993). Also, for each dominant

species, three way ANOVAs were performed on

density, mean total biomass, and the mean biomass per

individual. All other species were grouped into a

minor category. Using SAS JMP (2007), ANOVA of

main effects and their interactions were tested. To

examine differences among multiple treatment levels,

single degree-freedom contrasts of interest were

conducted when there was a significant main effect

or interaction. Data were log transformed to meet the

normality and homogeneity assumptions of ANOVA.

Results

Seed bank responses

A total of 19 species germinated from the seed banks.

Species richness was not affected by the main effects

of CO2, water regime, salinity, or any of their

interactions (Table 1A). In contrast, the density of

germinating seeds was influenced by the interaction of

CO2 with water regime (Table 1B; Fig. 1a). In

elevated (high) CO2 levels, the gradual water
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treatment had higher seedling densities than the low

and high water treatments (881.0 ± 48.0 vs.

701.1 ± 40.3 seedlings m-2, respectively; t = 9.5,

P = 0.0024), while in ambient (low) CO2 levels,

seedling densities were higher in high water than in

low and gradual waters (975.5 ± 79.8 vs. 729.5 ±

34.5 seedlings m-2, respectively; t = 13.5, P =

0.0003). Water regime also interacted with salinity

level, so that in higher salinity levels (salinity = 2),

seedling density was higher in high than in low and

gradual water regimes (917.1 ± 78.8 vs. 744.8 ±

58.3, respectively; t = -2.12, P = 0.0357; Table 1B;

Fig. 1a). C. haspan had higher total mass in elevated

CO2 in low flooding and low salinity conditions, and

the response of this species dominated the overall

Table 1 ANOVA analysis of total species responses in

freshwater floating marshes in coastal Louisiana for the main

effects of CO2 level (ambient vs. elevated), 385 and 720 ll l-1,

respectively, salinity level (salinity = 0 vs. 2, respectively),

and water regime (freely drained, 8 cm, and gradually

increased by 1 cm a week to 8 cm) and their interactions, for

(A) log species richness, (B) log seedling density, and (C) log

mean total of individual seedling biomass

Source F P

(A) Species richness

CO2 0.3 NS

Salinity 0.4 NS

Water regime 0.6 NS

CO2 9 salinity 0.6 NS

Salinity 9 water regime \0.1 NS

CO2 9 water regime 2.8 NS

CO2 9 salinity 9 water regime 0.5 NS

(B) Seedling density

CO2 \0.1 NS

Salinity 0.3 NS

Water regime 0.5 NS

CO2 9 salinity 0.6 NS

Salinity 9 water regime 3.8 *

CO2 9 water regime 12.5 ***

CO2 9 salinity 9 water regime 0.4 NS

(C) Individual seedling biomass

CO2 \0.1 NS

Salinity 28.6 ***

Water regime 0.8 NS

CO2 9 salinity 1.2 NS

CO2 9 water regime 0.3 NS

Salinity 9 water regime 0.9 NS

CO2 9 salinity 9 water regime 3.6 *

Significant relationships are designated as: * P \ 0.05,

** P \ 0.01, and *** P \ 0.001

Fig. 1 Bar graphs of seven dominant species and ‘‘other’’ minor

species for all treatment combinations showing responses

including a total seedling number m-2 (density: based on pot

size), b seedling total mass per pot (g), and c individual seedling

mass (g). Standard errors are omitted for clarity. Treatments

included CO2 levels of ambient and elevated (385 and 720 ll l-1,

respectively; A and E, respectively), water regimes of low, gradual

and high (freely drained, gradually increased by 1 cm a week to

8 cm, and 8 cm; L, G, H, respectively), and salinities of 0 and 2
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response in the experiment (Fig. 1b). CO2, water, and

salinity interacted with respect to the effects on

individual seedling biomass (Table 1C). The nature

of this interactive response of individual seedling

biomass was that in elevated CO2, seedling biomass

was higher in low water and low salinity

(0.105 ± 0.01 per seedling; Table 1C; Fig. 1c), but

in gradual water and ambient CO2 at either low or high

salinity, the individual seedling weight did not differ

(0.06 ± 0.01 g per seedling; P [ 0.05). Overall,

seedling responses to CO2 with respect to species

richness, density and biomass were not necessarily

positive, and depended on interactions with other

treatment factors including salinity and water regime

(Fig. 1a–c).

Species-specific responses

Seedling density

For certain dominant species, the seedling density

response to CO2 interacted with water regime and

salinity level (Table 2A). For Eleocharis palustris, the

seedling density varied across water regime and CO2

levels (not salinity) (CO2 9 water interaction;

Table 2A; Fig. 1a). For C. haspan, seedling densities

were higher in low CO2 in low salinity and gradual or

low water, and in high CO2 in high or low salinity in

low or gradual water, than in other combinations

of treatments (t = 16.9, P \ 0.00001; Table 2A;

Fig. 1a). For Polygonum punctatum, the pattern of

response was very similar to C. haspan in high CO2 in

all water regimes; however, in low CO2, the density

was lower in gradually increasing water depths in high

salinity than in other treatments (t = 2.95, P =

0.0038; Table 2A; Fig. 1a). For S. lancifolia, seedling

densities were similar at all water levels, salinities, and

CO2 levels, except that, in low CO2 in high water and

high salinity, the seedling densities were higher than in

other treatments (t = 3.2, P = 0.0036; Table 2A;

Fig. 1a). The seedling densities of E. cellulosa,

H. verticillata, and Leersia oryzoides did not respond

to main effects or combinations of CO2, salinity, or

water regime (Table 2A).

Biomass

The individual seedling biomass of several of the

dominant species responded to CO2, but these

responses often interacted with water regime and

salinity level (Table 2B). For E. cellulosa, higher

seedling biomasses were found at low salinities,

gradually increasing water regime and low CO2 levels

than in other treatment combinations (t = -1.98,

P = 0.05; Table 2B; Fig. 1c). For P. punctatum,

biomass increased in the treatments of gradually

increasing water regime, low CO2, and high salinity

levels, but not low water in low CO2 and high salinity

(t = -5.58, P \ 0.0001; Table 2B; Fig. 1c). For

C. haspan, the biomass response generally increased

in treatments with low rather than high salinity

regardless of CO2 level or water regime (t = 7.85,

P \ 0.0001; Table 2B; Fig. 1c); however, the indi-

vidual mean weight of seedlings for C. haspan was

highest in a treatment combination of high CO2, low

salinity and gradual water regime (0.7 g individual-1;

t = 6.46, P = 0.0034; Fig. 1c). For E. palustris, mean

seedling weight was higher in high CO2 in low and

gradual water, rather than in high water (t = 2.36,

P = 0.0199; Table 2B; Fig. 1c). In high salinity,

E. palustris had higher mean biomass in low water

than in high or gradual water regimes (t = -2.24,

P = 0.0269; Table 2B; Fig. 1c). S. lancifolia and

L. oryzoides did not respond to CO2 level; instead the

weights of seedlings decreased with increasing salinity

(Table 2B). For S. lancifolia, mean seedling weight

was higher in low water, than in gradual or high water

regimes (Table 2B). H. verticillata did not respond

differently to any treatment or treatment combination

of salinity, CO2 or water depth (Table 2B).

Discussion

Climate change may present species with interacting

environments, so that the overall effect may be more

severe than anticipated based on the analysis of single-

environmental factors (Ghosn et al., 2010). This study

empirically tested seed germination and seedling

responses to interacting environments, which may be

associated with changes in sea level and CO2 in coastal

freshwater marshes. We asked the question in the

introduction: can the species richness, density, and

biomass of freshwater floating marshes be affected by

changes in CO2 concentration and its interactions with

water regime and salinity?

Salinity, which reduced total seedling mass by 68%

and individual seedling mass by 59%, was the main

128 Hydrobiologia (2012) 683:123–133

123



treatment driving seedling response patterns in this

study, not CO2 level (minimum and maximum value:

total seedling weight per pot = 0.3–733.3 mg).

Flooding also had an effect on seedling mass, but less

than salinity. Previous studies indicate that some

freshwater species are inhibited by flooding and

salinity levels above 4 ppt (Baldwin et al., 1996).

Experimental studies of species from coastal fresh-

water wetlands indicate that the seed germination and/

or seedling growth of most species decrease with

increased salinity (Howard & Mendelssohn, 2000;

Brock et al., 2005; Middleton, 2009a). As a rule,

salinities above 1,000 mg l-1 decrease the species

richness of seeds germinating from the seed bank

(Nielsen et al., 2003; Brock et al., 2005), and this is

true of a wide range of fresh to salt marsh species

(Middleton, 2009a). The negative effect of salinity on

seed germination for most species may be caused by:

(1) reduced seed viability, (2) blocked cues for

emergence, or (3) seedling mortality immediately

Table 2 ANOVA with F ratios of log responses of dominant

seed bank species of freshwater floating marshes in coastal

Louisiana to CO2 level (ambient vs. elevated), salinity level (0

vs. 2) and water regime (freely drained, 8 cm, and gradually

increased by 1 cm a week to 8 cm) for (A) log seedling density

m-2 and (B) log individual seedling weight (g); Dominant

species exceed a total mean density of 0.1 individuals per pot,

or, total mean seedling weight of 0.1 g per pot, respectivelyA

Source of variation Species

C. haspan E.
cellulosa

E. palustris H.
verticillata

L.
oryzoidesa

P.
punctatum

S. lancifolia

(A) Seedling density

CO2 1.1 0.6 0.6 1.6 0.4 0.4 2.3

Salinity 9.6** 0.8 \0.1 0.5 \0.1 \0.1 8.1**

CO2 9 salinity 0.6 0.6 0.1 1.2 4.0 3.1 \0.1

H2O 5.8** 0.8 0.1 0.9 1.2 1.9 \0.1

CO2 9 water regime 0.2 0.4 5.9** 0.6 0.5 5.4** \0.1

Salinity 9 water regime 0.1 0.3 0.7 2.2 1.1 2.5 3.3*

CO2 9 salinity 9 water

regime

7.8*** 0.6 0.2 1.3 2.5 3.3* 3.1**

Mean ± SE density pot-1 178.4 ± 13.7 39.8 ± 5.1 138.0 ± 11.0 12.5 ± 2.4 18.1 ± 3.0 101.9 ± 8.2 224.2 ± 12.1

(B) Individual seedling weight

CO2 \0.1 3.0 1.3 0.1 0.7 7.9 0.2

Salinity 25.3*** 3.2 1.6 0.6 5.3* \0.1 12.1***

CO2 9 salinity 5.8* \0.1 0.6 0.5 0.8 0.2 1.5

H2O 3.4* 0.4 0.8 2.6 \0.1 0.4 4.5**

CO2 9 water regime 1.1 2.9 3.8* 0.7 0.6 0.5 \0.1

Salinity 9 water regime 1.2 1.5 3.2* 1.4 1.0 1.6 0.7

CO2 9 salinity 9 water

regime

2.4 3.1* 1.6 0.1 0.7 3.2* 0.7

Mean ± SE individual

weight (mg)

73.8 ± 6.6 16.2 ± 3.3 2.2 ± 0.4 5.6 ± 2.9 35.5 ± 8.2 12.0 ± 1.9 3.4 ± 0.4

Values per m2 were based on the pot dimensions. Significant relationships are designated as: * P \ 0.05, ** P \ 0.01 and

*** P \ 0.001. The carbon assimilation strategy of all species was C3, with the possible exception of the unknown dicot and

monocot. Species that were not dominant included Alternanthera philoxeroides, Ambrosia artemisifoliaa, Carex sp., Juncus sp.,

P. hemitomon, Pluchea odorataa, Ptilimnium capillaceuma and Vigna luteola (mean density ± SE = 0.5 ± 0.5, 0.9 ± 0.7,

1.4 ± 1.4, 0.9 ± 0.7, 1.9 ± 1.1, 0.5 ± 0.5, 0.5 ± 0.5, 0.5 ± 0.5 seedlings m-2, respectively). In addition, there were five unknowns

that ranged in density from\0.1 to 51.4 seedlings m-2. Species designated with superscript ‘‘a’’, are annuals or short-lived perennials

(USDA, 2011a, b). The mean biomass per individual for all of the minor species was\0.01 g per pot. The total species richness was

19, with a total mean density of 786.0 ± 26.3 seedlings m-2 and a mean total biomass of 159.8 ± 12.5 mg pot-1. Except for P.
hemitomon and the unknowns, these species are likely to use a C3 carbon assimilation strategy
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after emergence (i.e., germination not directly

affected) (Nielsen et al., 2003). After storms, coastal

freshwater wetlands may increase in salinity and

become dominated by different species, even if the

species involved do not change (Michener et al., 1997;

Middleton, 2009a).

The general characteristics of the seed bank in this

floating marsh are roughly similar to those of an

oligohaline marsh in Louisiana (Baldwin et al., 1996).

While these studies are really not comparable in terms

of the study design and treatments, the general results

indicate similar seed bank characteristics. The seed

banks for the oligohaline marsh had 3–10 species, with

a total of 606–2,960 seeds m-2. In comparison, our

study had 20 species with a total of 753–828 seedlings

m-2, depending on the water regime and salinity

treatment. For S. latifolia, the seed banks held

202–331 seedlings m-2 in the Baldwin et al. study

(1996), while our study had 224 seedlings m-2. We

know of one other seed bank study of freshwater and

freshwater floating marshes in Louisiana, but these

marshes had much lower total mean seedling m-2

number (106–207 seedlings m-2) in post-hurricane

conditions with excessive flooding and/or hurricane

sedimentation (Middleton, 2009a).

Our study indicates that CO2, water regime, and

salinity in combination produce seed bank responses

not readily predictable from single-factor studies or

functional type category species (e.g., graminoid vs.

herb). Nevertheless, many climate models use rela-

tively simple assumptions of functional responses,

often based on the carbon assimilation strategy of

species (Cramer et al., 2001; Krinner et al., 2005), e.g.,

CO2 enrichment benefits the growth of C3 over C4

species (Bazzaz, 1990; Sage & Kubien, 2003). In

contrast, extensive study shows variable responses of

species to CO2 treatment depending on other environ-

mental constraints (Körner, 2006). Similarly in this

study, the CO2 responses of C3 species in this study

followed individualistic patterns.

To further explore potential effects of CO2 on

these species, we examined how CO2 enrichment

might offset the effects of stressful environments.

Species richness was unaffected by CO2, but density

and biomass were affected by CO2, depending on

flooding or salinity conditions. The implication is that

under a future elevated CO2 scenario, species dom-

inance may change even if the total number of species

does not.

Our findings differ somewhat from germination

studies of non-wetland species, which generally

conclude that germination is little affected by elevated

CO2 (Garbutt et al., 1990; Huxman et al., 1998;

Steinger et al., 2000; Poorter & Navas, 2003). In these

terrestrial studies, a lack of germination density

response to elevated CO2 has been attributed partly

to the fact that the CO2 levels of terrestrial soils are

higher than in the atmosphere (Bazzaz, 1979). Nev-

ertheless, CO2 levels higher than those of the soil

could promote germination of some species (Baskin &

Baskin, 1998). For example, the germination of

Plantago lanceolata is increased by high CO2 levels

(Wulff & Alexander, 1985). Ethylene synthesis is

increased in the seeds of Helianthus annuus in higher

CO2 levels (Corbineau et al., 1990). Our findings

showed some effect on seed germination, but gener-

ally support the broader pattern that CO2 primarily

influences seedling growth, rather than germination,

similar to findings of other freshwater wetlands studies

(e.g., Megonigal et al., 2005).

Individual species responses to CO2 were inconsis-

tent, with some species showing an increase in density or

biomass under elevated CO2 (depending on flooding or

salinity) and others showing no response or a decrease

(Fig. 1; Table 2). CO2 enrichment might cause seed-

lings to grow better under stressful edaphic conditions,

and any CO2-related increase in survival could be

important to species exposed to rising sea levels. In our

study, seedlings did not benefit from higher CO2 in

stressed conditions, although elevated CO2 promoted

higher total biomass for one species under low stress,

e.g., C. haspan under low flooding and low salinity.

Thus, our results do not support the prediction that

higher CO2 concentrations will ameliorate stressful

environments related to flooding or salinity levels

during early growth of this seed bank community.

Clearly, the responses of these C3 freshwater

wetland species in this study were individualistic and

not readily generalized by functional type (graminoid

vs. herb) to the entire community. For the purposes of

modeling, the regeneration responses of each species

should be evaluated separately as a set of potential

outcomes related to multifactor interactions. Environ-

mental change in atmospheric CO2 and sea-level could

play a major role in shaping the vegetation of coastal

wetlands. Responses of wetland plant species to future

environments may be highly individualistic, however,

complicating specific predictions of wetland response.
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Our findings also showed that early regeneration

patterns reflected the interactions of CO2 with other

factors associated with climate change such as sea-level

rise; however, not all species in this freshwater

community were able to benefit from higher CO2 levels

because of overriding effects of salinity and/or flooding.

Of the three environmental factors tested, salinity

emerged as the most important determinant of seedling

response pattern. This finding suggests that changes in

sea-level, leading to salinity increases, may be more

important to seedling recruitment in this freshwater

community. Flooding can also combine with salinity to

further impact regeneration patterns, but this effect may

be a minor issue for marshes that float compared with

attached freshwater marshes that are more vulnerable to

inundation. CO2 may play a greater role during later

growth stages and in relation to biotic interactions of

competition, herbivory, or disease. The entire subject is

ripe for future study because the individualistic

responses of species to abiotic (and biotic) factors can

provide the critical framework to inform models

predicting impact of climate change on ecosystems.
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