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Abstract
Understanding how the salt marsh vegetation will evolve under future climate conditions is essential for predicting the role 
of marsh ecosystem services in a warmer climate with higher  CO2-concentrations. In a mesocosm experiment in the northern 
Wadden Sea, the impact of increased temperature (+ 3 °C) and  CO2 (800 ppm) on salt marsh vegetation was investigated, 
assessing biomass production in the pioneer zone and low marsh. The pioneer zone, which was dominated by Spartina anglica 
and exposed to natural tidal inundations, demonstrated a differentiated response between belowground and aboveground 
biomass. Aboveground biomass increased in response to enhanced  CO2 availability, and belowground biomass increased 
in response to raised temperatures. Other plant species accounted for less than 18% of the aboveground biomass, and their 
biomass was suppressed under high  CO2 availability. Increased biomass by Spartina anglica may improve resilience toward 
sea level rise. Hence, the pioneer zone is expected to maintain its coastal protection and blue carbon storage capacity under 
future climate conditions. The low marsh, which was dominated by Elymus athericus, was exposed to higher than usual tidal 
inundations and resembled a scenario with increased sea level. The low marsh showed no response in biomass to increased 
 CO2 or temperature, which may be due to the increased flooding. The positive response of Spartina anglica  (C4 plant) and 
the lack of response in Elymus athericus  (C3 plant) counter the notion that  C3 plants are more productive under future climate 
conditions and demonstrate that  C4 plants can also thrive in future salt marshes.
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Introduction

The salt marsh vegetation is susceptible to climate change, 
including increased  CO2 concentrations and tempera-
tures, which may alter the vegetation composition and, 
thereby, also essential ecosystem services, such as nutrient 
remediation and blue carbon storage (Kirwan and Mudd 
2012; FitzGerald and Hughes 2019; Duarte et al. 2021). 

Understanding how salt marsh vegetation may change under 
future environmental conditions is the key to predicting the 
future role of salt marshes in the coastal landscape.

Increased temperatures and  CO2 availability may alter the 
salt marsh vegetation affecting the composition of  C3 and 
 C4 plants (Arp et al. 1993; Short et al. 2016). Increased  CO2 
stimulates photosynthetic production more in  C3 plants than 
in  C4 plants, whereas  C4 plants exhibit higher productivity 
under elevated temperatures, which will negatively affect 
 C3 plants due to increased photorespiration (Bowes 1993; 
Sage and Kubien 2003). Hence,  C4 plants would be more 
competitive under lower  CO2 concentrations and higher 
temperatures, whereas  C3 would be more competitive under 
higher  CO2 concentrations and lower temperatures (Zhou 
et al. 2018). As climate change increases both temperature 
and  CO2, the effects on  C3 and  C4 plants are diverging, and 
the impact of future climate conditions on the salt marsh 
vegetation is unpredictable.

Salt marsh vegetation has been shown to increase biomass 
production in response to elevated  CO2 and temperature. (Gray 
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and Mogg 2001; McKee et al. 2012). Some salt marsh studies 
have shown that future climate conditions stimulate  C3 plants 
but do not affect  C4 plants (Arp et al. 1993; Lenssen et al. 1993). 
However, stimulation of  C4 plants in marshes is also commonly 
observed (Gray and Mogg 2001; Mateos-Naranjo et al. 2010a, b).

In a large-scale mesocosm experiment with a full-facto-
rial design, we investigated the impact of increased  CO2 and 
temperature on biomass production in the European Wadden 
Sea salt marshes. Two marsh zones were studied, the fre-
quently flooded pioneer zone dominated by Spartina anglica 
 (C4) at the water’s edge and the low marsh dominated by 
Elymus athericus  (C3), which was located further inland and 
less frequently inundated. Large samples with intact rhizo-
spheres (50 L) were grown for 100 days under environmen-
tal conditions resembling a future warmer climate with a 
3-degree temperature increase and a  CO2 concentration of 
800 ppm. These levels are consistent with model-projected 
levels for the year 2100, according to the IPCC ( 2014).

Material and methods

Experimental design

The study aimed to experimentally demonstrate the impact 
of increased temperature and  CO2 on biomass production 

in European salt marshes. The study targeted the pioneer 
zone dominated by Spartina anglica  (C4) and the low marsh 
dominated by Elymus athericus  (C3). The experiment was 
conducted in a large-scale mesocosm infrastructure at the 
Alfred Wegener Institute-Wadden Sea Station in Northern 
Germany (Fig. 1a). This facility was specifically developed 
to investigate the effects of future climate conditions on 
marine ecosystems (Pansch et al. 2016), allowing for con-
trol of  CO2 and temperature in the individual mesocosms.

Twelve independent mesocosms were set up in a 2 × 2-fac-
torial design with true replication (n = 3) (Fig. 1c). The first 
factor was temperature, characterized by ambient water tem-
perature and future climate conditions represented by warm-
ing to + 3 °C above ambient temperature. The second factor 
was  CO2, characterized by the ambient  CO2 concentration 
and future climate conditions, represented by a doubling of 
 CO2 to 800 ppm. The effects of increased temperature and 
 CO2 were assessed as end-point measurements of above and 
belowground biomass and stem density after 100 days of 
incubation (May 11–August 19, 2022).

In the mesocosms, the samples were placed on a plat-
form, which was lowered once a day for 2 h, submerging the 
marsh samples mimicking a natural tidal cycle. The applied 
inundation frequency was representative of the pioneer zone, 
whereas the low marsh experienced a higher inundation fre-
quency than usual. Inundation frequency was monitored at 

Fig. 1  Mesocosm infrastruc-
ture at the Alfred Wegener 
Institute—Wadden Sea Station 
in Northern Germany experi-
mental set-up. a Mesocosms; b 
Biomass sample of Spartina 
anglica in open-sided folding 
boxes; c Experimental design: 
2 × 2 factorial design with ambi-
ent and enhanced temperature, 
and  CO2 
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a closely located research site, about 200 m away from our 
sampling site, showing that the pioneer zone was inundated 
daily, ~ 300 days/year. The low marsh was flooded less fre-
quently, approximately 50 days/year (Pers. Comm. Svenja 
Reents, AWI, Germany). Consequently, the experiment 
with the low marsh samples should be considered a future 
scenario with increased sea level rise. A differentiated tidal 
scheme for the low marsh and pioneer zone was not possible.

Sample collection and site description

Twelve samples were collected in the pioneer zone, which 
experienced daily flooding at high tide with seawater (salin-
ity: ~ 33ppt). The samples were collected on the northern 
Wadden Sea coast at Hamburger Hallig (54°36″ 06N, 
8°49′08E″), which has the largest natural marsh along the 
German Wadden Sea. Another twelve samples were col-
lected 100 m further inland, in the low marsh, which was 
located at a higher elevation and experienced infrequent 
inundations, depending on the neap-spring tidal cycle and 
onshore winds affecting the tidal height. All samples were 
collected in mid-May 2021.

Large marsh samples (50 L soil) with intact rhizospheres 
were excavated and placed in open-sided folding boxes 
(52 × 37 × 26 cm) (Fig. 1b). The samples were cut to areal 
size (54 × 37 cm) in the field, cutting through the marsh sur-
face with a long-bladed bread knife. Soil was removed in 
front of the sample, and the sample was cut out to a depth 
of ~ 25 cm. The whole piece was lifted from the marsh and 
placed in the open-sided folding boxes lined with permeable 
pond-lining fabric, allowing water movement in and out of 
the box, while the sediment was held back. In the mesocosm 
facility at the AWI Wadden Sea station, the samples were 
placed inside 12 mesocosms with one pioneer zone sample 
and one low marsh sample in each mesocosm.

The sampling areas were chosen due to their homogene-
ous vegetation distribution, assuring that the experiment’s 
starting point was as uniform as possible. Each sample had 
100% vegetation cover, avoiding patches without vegetation 
and areas with an alternative species composition. There 
were no noticeable differences in plant cover and compo-
sition among the samples from the pioneer zone and low 
marsh, respectively, based on the senescent plant material 
and early shoots at the time of collection.

Mesocosms

The mesocosm infrastructure is described in detail by 
Pansch et al. (2016). We here describe the aspects relevant 
to this study.

The mesocosms (Fig. 1a) consist of a basin tank with an 
inner diameter of 170 cm and a height of 85 cm and contain 
up to 1900 L of seawater. The top of the mesocosm consists 

of two sizeable transparent plexiglass lids allowing natural 
sunlight to enter. The mesocosms are set up as a slow flow-
through system renewing the water approximately once a 
day with fresh seawater pumped in directly from the North 
Sea (28–30 ppt), which allows salinity to remain stable and 
nutrients to be replenished.

Temperature treatment: In the + 3 °C treatment, the water 
was warmed up 3 °C above ambient temperature and kept at 
this temperature by heaters and coolers. The ambient water 
temperature was identical to the temperature of the coastal 
water pumped into mesocosms ranging from 11 to 22 °C 
over the 100 days of incubation. The temperature of the 
mesocosms air compartments was not controlled. Since the 
mesocosms inevitably needed the lids closed to maintain 
the  CO2 treatment while still letting daylight in for photo-
synthesis, the air compartment above the water acted as a 
greenhouse on sunny days and heated up. This heating is an 
inevitable drawback of using closed mesocosms in a natural 
daylight setting. Although this effect was equal for all meso-
cosms, it could affect the growth of the plants investigated.

CO2 treatment:  CO2 in the mesocosms was regulated 
by continuously pumping in  CO2-regulated air, bubbling it 
through the water column at a flow of 800 L per hour. In the 
ambient  CO2 treatment, atmospheric air was pumped into 
the systems. However, since the atmospheric air was pumped 
in through a pressurized system, the concentration may have 
been slightly lower than at the atmospheric equilibrium. For 
the 800-ppm systems, atmospheric air enriched with  CO2 
to a concentration of 800 ppm, regulated via a gas mixing 
system, was pumped in the mesocosm.  CO2 was sporadically 
monitored in the air phase. In the  CO2-enriched mesocosms, 
the concentrations were 50–150 ppm above the ambient con-
centrations, which showed values around 380 ppm. The high 
humidity in the air continuously destroyed the installed IR-
based  CO2 sensors, which prevented continuous monitoring 
of  CO2 in the air.

Biomass assessment

The biomass was assessed at the end of the experiment after 
100 days of exposure to the temperature and  CO2 treatments. 
Spartina anglica  (C3) and Elymus athericus  (C4) dominated 
the pioneer zone and low marsh, respectively, and were the 
primary targets for biomass investigations. Other plants 
growing in the marsh samples were also collected, identi-
fied, and measured.

Aboveground biomass: A 20- × 10-cm subsample was cut 
out from the middle of the marsh sample, so potential edge 
effects were avoided. The aboveground biomass was har-
vested by cutting off all shoots at the sediment surface, and 
the number of stems was counted. Subsequently, the above-
ground biomass was dried at 70 °C for 48 h (to constant 
weight), and the sample weight was determined. Biomass 
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originating from plants other than Spartina anglica and Ely-
mus athericus was identified, and their aboveground bio-
mass was measured separately. Salicornia europaea, Suaeda 
maritima, Elymus athericus, and Halimione portulacoides 
were growing among Spartina anglica in the pioneer zone. 
Due to the infrequent distribution of these other plant spe-
cies, their biomasses were merged for each marsh sample. 
In the low marsh, only Atriplex prostrata was found among 
Elymus athericus.

Stem density: The stem density was assessed before 
drying the biomass. The number of stems per sample area 
(20 × 10 cm) was counted.

Belowground biomass: The remaining belowground sam-
ple was cut to 10 × 10 cm. The depth of all pioneer marsh 
samples was adjusted to 20 cm to allow for an equal sample 
size. In the low marsh, the root system did not reach the 
bottom of the sample, so a height adjustment was rendered 
unnecessary. The root biomass was separated from the sedi-
ment by rigorously washing the sample in a 2-mm sieve in a 
bucket with seawater and flushing it with running seawater. 
Most of the root system could be extracted as one coherent 
piece of roots and rhizomes, while the sieve would catch 
smaller pieces of root material that had broken off. Separa-
tion of the belowground biomass by species was not possi-
ble, which was consequently evaluated as a whole, including 
the biomass contribution from other species. Based on the 
distribution of aboveground biomass, the vast majority of 
the belowground biomass is assumed to originate from Spar-
tina anglica and Elymus athericus, respectively.

Statistical analysis

Statistical analyses were conducted using the Real Statistics 
Resource Pack software (Release 8.3.1, www. real- stati stics. 
com). The effects of temperature and  CO2 increases on bio-
mass production were analyzed statistically using a two-way 
ANOVA. The datasets were tested for normality and outliers 
and found suitable for ANOVA analyses.

Results

Biomass

Spartina anglica in the pioneer zone had a higher above-
ground and belowground biomass than Elymus atheri-
cus in the low marshes. Aboveground biomass averaged 
1025 ± 196 g DW  m−2 in the pioneer zone (Fig. 2a) com-
pared to 621 ± 141 g DW  m−2 in the low marsh (Fig. 3a). 
Belowground biomass averaged 4139 ± 557 g DW  m−2 in 
the pioneer zone (Fig. 2b) compared to 1553 ± 246 g DW 
 m−2 in the low marsh (Fig. 3b) when averaged across treat-
ments (n = 12).

Effects of increased temperature and  CO2

In the pioneer zone, aboveground biomass (Fig. 2a) var-
ied significantly in response to  CO2 (F = 5.10, p = 0.05), 
increasing biomass in response to increasing  CO2, whereas 
there was no temperature or combined temperature and  CO2 

Fig. 2  Biomass in the pioneer zone (gram dry weight per area): a 
aboveground biomass and b belowground biomass, after 100-day 
exposure to four treatments of temperature (T) and  CO2 (C): (1) 
ambient T/ambient C; (2) ambient T/800 ppm C; (3) + 3 °C T/ambient 
C; (4) + 3 °C T/800 ppm C. Tables: Results of 2-way ANOVA exam-
ining the effects of temperature and  CO2-concentration on biomass

http://www.real-statistics.com
http://www.real-statistics.com
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effect. Although the samples exposed to both increased tem-
perature and  CO2 on average had 32% higher biomass than 
the samples of any other treatment, this difference was not 
statistically significant (F = 1.35, p = 0.28).

The belowground biomass (Fig. 2b) in the pioneer zone 
varied significantly in response to temperature (F = 9.5, 
p = 0.02), increasing biomass in response to rising tem-
peratures. In contrast, there was no  CO2 or combined 

temperature and  CO2 effect. In the low marsh, there was no 
effect of increased temperature or  CO2 (p > 0.05) on either 
aboveground (Fig. 3a) or belowground biomass (Fig. 3b).

It is, however, noteworthy that the aboveground biomass, 
which was exposed to the combination of high temperature 
and  CO2, had lower biomass than in any other treatment. 
The statistical analysis showed that the combined effect of 
temperature and  CO2 was statistically significant at p = 0.06.

In general, the low marsh experienced inundation fre-
quency higher than usual, and these sea-level-rise conditions 
may have inhibited biomass development in all samples.

Other plant species

In the pioneer zone, plants other than Spartina consisted of a 
mixture of typical salt marsh species in the Wadden Sea, pre-
dominantly Salicornia europaea (present in all 12 samples), 
but also including Elymus athericus (present in 7 samples), 
Suaeda maritima (present in 4 samples), and Halimione por-
tulacoides (present in 2 samples). Due to the patchy distribu-
tion of individual species, the biomass of plants other than 
Spartina was merged. This biomass was less than 18% of the 
total aboveground vegetation in all treatments (Fig. 2a). The 
biomass of other plants was negatively affected by increasing 
 CO2 (p = 0.02) but was not affected by temperature.

In the low marsh, plants other than Elymus consisted of 
only a single species: Atriplex prostrata (present in 7 sam-
ples). Due to its sporadic occurrence, statistical analysis was 
not possible, but we found its substantial presence in the 
combined high temperature and  CO2 treatment noteworthy. 
Atriplex prostrata accounted for 30% of the total above-
ground biomass in the treatment with both high tempera-
ture and high  CO2 but less than 10% in any other treatment, 
where it was primarily absent (Fig. 3a).

Stem density

In the pioneer zone, Spartina anglica showed a significantly 
higher stem density in response to increased  CO2 concentra-
tion (p = 0.03) (Fig. 4a). Hence, the increased biomass pro-
duction was driven by the production of more shoots, rather 
than an increase in the biomass of the individual shoot.

In contrast, in the low marsh, there was no effect of either 
temperature of  CO2 on the stem density in Elymus athericus 
(Fig. 4b).

Discussion

In our experiments, the increase in  CO2 and temperature 
represents the predicted levels reached by 2100. By this year, 
the Bern carbon cycle-climate model, one of the models 
used by the IPCC, predicts atmospheric  CO2 concentrations 

Fig. 3  Biomass in the low marsh (gram dry weight per area): a 
aboveground biomass and b belowground biomass, after 100-day 
exposure to four treatments of temperature (T) and  CO2 (C): (1) 
ambient T/ambient C; (2) ambient T/800 ppm C; (3) + 3 °C T/ambient 
C; (4) + 3 °C T/800 ppm C. Tables: Results of 2-way ANOVA exam-
ining the effects of temperature and  CO2-concentration on above-
ground and belowground biomass
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to reach 836 ppm. This doubling of the atmospheric  CO2 
concentration will likely result in a temperature increase 
from 2 to 4.5 °C, with 3 °C being the most likely value 
(Meehl et al. 2007). Therefore, we consider our experiment 
to represent a realistic scenario of the future impact of cli-
mate change on salt marsh vegetation.

Spartina anglica was chosen to represent the vegetated 
pioneer zone due to its essential ecosystem services and 
increased spread along the Wadden Sea coastline (Loebl 
et al. 2006). Elymus athericus was chosen to represent the 
low marsh, as it is increasingly becoming more dominant 
in northern European salt marshes, spreading from the high 
marsh into the low marsh (Valéry et al. 2017). It was the 
dominant species in the low marsh samples used in this 

study, but it can also be found in mixed vegetation (Hart-
mann and Stock 2019).

It is suggested that the atmospheric enrichment of  CO2 
will favor the growth of  C3 plant species (such as Elymus 
athericus) in wetlands. As a result, the competitive bal-
ance between  C3 and  C4 plant species may change markedly 
(Rozema et al. 1991). This effect may impose changes to 
coastal vegetation and, thereby, the morphology and func-
tion of the salt marshes, in both terms of ecosystem services 
and loss of biodiversity (Duarte et al. 2014). Our results 
suggest that  C4 plants, here represented by Spartina anglica, 
will also be stimulated by future climate conditions with 
increased  CO2 availability and temperatures. When grown 
under experimental conditions mimicking the natural pio-
neer marsh with water-saturated soils and frequent tidal 
inundations, the aboveground Spartina biomass increased 
in response to increased  CO2 (Fig. 2a), driven by an increase 
in the number of stems produced (Fig. 4a). In contrast, the 
belowground biomass increased in response to increased 
temperatures (Fig. 2b).

This differentiated response in aboveground and below-
ground biomass to increases in  CO2 availability and tem-
perature is noteworthy, as it suggests that the total biomass 
would increase in a future climate, based on different driv-
ers. This complex interaction makes it more difficult to pre-
dict the response of biomass production. It is also possible 
that the lack of temperature control of the air compartment 
and the occasional heating events on sunny days have caused 
the absence of a temperature response in the aboveground 
biomass. However, given that the biomass was four times 
higher belowground than aboveground (Fig. 2), our results 
demonstrated that increased temperature would significantly 
increase the total biomass production in the pioneer zone.

This demonstration of increases in biomass in the pioneer 
zone supports previous observations of a positive response 
by various Spartina species to future climate conditions, 
including Spartina densiflora (Mateos-Naranjo et al. 2010a) 
and Spartina maritima (Mateos-Naranjo et al. 2010b) and 
Spartina anglica (Gray and Mogg 2001).

In contrast, our results showed no response in biomass 
production of the  C3 plant Elymus athericus in the low marsh 
to future climate conditions (Fig. 3). Instead, markedly 
lower biomass was demonstrated in the treatment with high 
temperature and high  CO2 concentrations, which suggests 
an adverse effect of future climate conditions. However, 
this was not statistically significant (p = 0.06). This result 
diverges from previous studies, where Elymus responded 
positively to future climate conditions, particularly increased 
 CO2 (Lenssen et al. 1993; van de Staaij et al. 1993; Rozema 
et al. 1997).

Although recent studies have demonstrated that some Ely-
mus athericus genotypes possess traits enabling it to inhabit 
flooded sediments (Koop-Jakobsen et al. 2021; Mueller et al. 

Fig. 4  Stem density in a Spartina anglica in the pioneer zone and 
b Elymus athericus in the low marsh, after 100-day exposure to 
four treatments of temperature (T) and  CO2 (C): (1) ambient T/
ambient C; (2) ambient T/800  ppm C; (3) + 3  °C  T/ambient C; 
(4) + 3 °C T/800 ppm C. Tables: Results of 2-way ANOVA examin-
ing the effects of temperature and  CO2-concentration on stem density
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2021; Reents et al. 2021), the sudden increase in inundation 
frequency that Elymus plants experienced in the mesocosms 
may have markedly influenced the results inhibiting biomass 
production. Consequently, the low marsh experiment should 
be considered a scenario where rising sea level plays a role 
in Elymus’s performance.

Also, in the low marsh, the lack of temperature control 
of the air compartment and the occasional heating events 
on sunny days may have caused the absence of temperature 
response in the aboveground biomass. As the primary pro-
duction of  C3 plants is negatively affected at higher tempera-
tures due to increased photorespiration (Bowes 1993), it may 
have affected Elymus athericus  (C3) in the low marsh sam-
ples more than Spartina anglica  (C4) in the pioneer zone.

However, the increased inundation and temperature 
effects do not explain the observed tendency towards lower 
aboveground biomass when both temperature and  CO2 are 
increased (p = 0.06). There could be several reasons for this 
divergence. In our experiment, competition with Atriplex 
prostrata, is a plausible explanation. Atriplex prostrata have 
been more frequently observed in the Wadden Sea vegeta-
tion in recent years (Hartmann and Stock 2019). Our results 
support the notion that this may be a response to climate 
change as Atriplex prostrata had the highest biomass in 
the treatment with elevated  CO2 and raised temperature, 
accounting for 33% of the aboveground biomass (Fig. 3a). 
In the other treatments, it was absent or occurred only in 
small amounts. Due to this absence in many samples, sta-
tistical analysis was not possible, and it cannot be ruled out 
that the observed distribution of Atriplex prostrata was due 
to a predisposition in the distribution of seeds.

Also, in the pioneer zone samples, there was a sporadic 
presence of other plant species: Salicornia europaea, Hali-
mione portulacoides, Suaeda maritima, and Elymus atheri-
cus, which combined accounted for less than 18% of the 
total aboveground biomass in all samples. The combined 
biomass of these plant species was inversely affected by 
increased  CO2 (p = 0.03) (Fig. 2a). This effect is likely 
caused by increased competition for space by Spartina, 
which increased its stem production in response to increased 
 CO2 (Fig. 4a).

Marshes’ future role in coastal protection 
and carbon burial

Coastal protection is an important ecosystem service pro-
vided by salt marshes, which is directly dependent on the 
morphology and strength of the vegetation (Shepard et al. 
2011). The biomechanic traits affecting plants’ interaction 
with hydrodynamic forcing were investigated in an addi-
tional study of the mesocosm vegetation from this experi-
ment. The measurements showed an increase in diameter 
and flexural rigidity in response to increased temperature 

and  CO2 in Spartina anglica (Paul et al. 2022). Combined 
with our results showing increased biomass and stem density 
under elevated temperature and  CO2 conditions, a stronger 
and more resilient pioneer zone maintaining its coastal pro-
tection properties is expected under future climate condi-
tions. Increased belowground biomass will stabilize the 
sediment, and increased aboveground biomass will improve 
wave attenuation, prevent erosion, and increase sedimenta-
tion. This change will enhance the marshes’ coastal protec-
tion properties. Although no direct effects were shown on 
Elymus athericus (Paul et al. 2022), the low marsh may also 
benefit from a more robust pioneer zone, improving protec-
tion from wave and wind action.

The effects of sea level rise will also have a significant influ-
ence on the development of European salt marshes. Recent stud-
ies have shown that both Spartina anglica and Elymus athericus 
in the Wadden sea marshes demonstrate resilience against sea 
level rise (Granse et al. 2021; Reents et al. 2021). In this study, 
the low marsh experiment resembled a “sea level rise″ — sce-
nario with increased inundation frequency. Although the bio-
mass tended to be lower with increased temperature and  CO2 
combined, the difference was not statistically significant, and 
the low marsh biomass was generally unaffected by increased 
temperature and  CO2. Hence, there is no weakening of the low 
marsh coastal protective capability, but whether the status quo 
is sufficient to withstand future increases in hydrodynamic forc-
ing needs further attention. In contrast, the biomass increased in 
Spartina anglica in response to temperature and  CO2. Although 
the experiment for the pioneer zone was not a sea level rise sce-
nario, it suggests that future climate conditions may improve 
resilience toward sea level rise.

Furthermore, increased biomass will provide a larger 
pool of organic matter, which can be permanently buried 
in the marsh, maintaining marshes’ role as a critical blue 
carbon ecosystem mitigating the increase in atmospheric 
 CO2 concentrations. These effects combined will confirm 
salt marshes’ importance in future coastal ecosystems.

Methodological considerations

The study was conducted in large mesocosms at the Alfred 
Wegener Institute-Wadden Sea Station in Northern Germany. 
Access to this infrastructure gave the experiment several 
advantages, allowing for true replication of treatments and 
the use of large natural marsh samples while maintaining 
tidal exposure with natural seawater. Experimental studies 
of marsh plants are challenging. Many salt marsh plants 
produce a massive and complex underground root system 
(Granse et al. 2022), which is difficult to investigate in a 
regular greenhouse experiment using potted samples. Fur-
thermore, in salt marshes, tidal inundations control plant 
composition and zonation (Silvestri et al. 2005). Conse-
quently, experimental studies of marsh plants shall ideally 
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resemble a natural tidal scheme, and these conditions require 
facilities with access to large quantities of seawater.

The large mesocosms allowed for simulations of daily 
tidal inundation, which resembled the tidal scheme of the 
pioneer zone better than the low marsh, where the soil can 
experience air entry between inundations (Keshta et al. 
2020). We chose this tidal scheme to take advantage of the 
mesocosm facility’s tidal simulation opportunities, which 
are difficult to reproduce in a laboratory setting. Differen-
tiated tidal simulation of the pioneer zone and low marsh 
samples was not possible, as the height of the mesocosm 
was too low to have one sample placed higher than the other.

Our experiments emphasized maintaining natural condi-
tions while manipulating temperature and  CO2 availability. 
Consequently, we used large samples with a soil volume of 
50 L collected in the field and avoided culturing, replanting, 
and potting. This sample size allowed a large part of the rhizo-
sphere to remain intact, and we could avoid edge effects by 
subsampling from the middle of the samples.

Conclusion and perspectives

In general, biomass production of the vegetation in the pioneer 
zone was stimulated by enhanced  CO2 and temperature. The 
biomass of species other than Spartina was low and became 
even lower with increased  CO2, likely due to increased com-
petition from Spartina that increased its shoot density. Hence, 
future climate conditions may cause the already low diversity 
of the pioneer zone to become even more inferior and support 
the development of Spartina monocultures.

The low marsh was unaffected by changes in temperature 
and  CO2. However, in the treatment combining high  CO2 
and temperature, the aboveground and belowground biomass 
of Elymus athericus was lower than in the other treatments, 
although not significant. In contrast, a different species, 
Atriplex prostrata, was present in larger numbers here but 
was almost absent in the other treatments. This alteration 
indicates a change in vegetation composition under future 
climate conditions, which is supported by field observations 
showing an increase in Atriplex prostrata distribution in the 
Wadden sea in recent years (Hartmann and Stock 2019). 
However, our data could not confirm these changes statisti-
cally. In addition, the low marsh was more frequently inun-
dated than under natural conditions. These results should 
therefore be considered a scenario with increased flooding 
and wetter soils that may have inhibited plant growth. Fur-
ther studies of the low marsh are needed to determine the 
impact of future climate conditions on species composition. 
These results emphasize the need for long-term and large-
scale studies that allow successional changes to be evaluated.

In conclusion, the salt marsh pioneer zone is expected to 
maintain its vegetation-derived ecosystem services under future 

climate conditions. Increased  CO2 and temperature will improve 
plant traits that enhance the resilience towards sea level rise and 
harsher weather patterns. The low marsh may be more suscep-
tible since the vegetation here was unaffected by  CO2 and tem-
perature. However, the low marsh may also benefit from a more 
robust pioneer zone with improved coastal protection traits.
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