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A T M O S P H E R I C  S C I E N C E

Accelerated sea-level rise is suppressing CO2 
stimulation of tidal marsh productivity: A 33-year study
Chunwu Zhu1,2*†, J. Adam Langley3†, Lewis H. Ziska4, Donald R. Cahoon5, J. Patrick Megonigal2*

Accelerating relative sea-level rise (RSLR) is threatening coastal wetlands. However, rising CO2 concentrations may 
also stimulate carbon sequestration and vertical accretion, counterbalancing RSLR. A coastal wetland dominated by 
a C3 plant species was exposed to ambient and elevated levels of CO2 in situ from 1987 to 2019 during which time 
ambient CO2 concentration increased 18% and sea level rose 23 cm. Plant production did not increase in response to 
gradually rising ambient CO2 concentration during this period. Elevated CO2 increased shoot production relative to 
ambient CO2 for the first two decades, but from 2005 to 2019, elevated CO2 stimulation of production was diminished. 
The decline coincided with increases in relative sea level above a threshold that hindered root productivity. While 
elevated CO2 stimulation of elevation gain has the potential to moderate the negative impacts of RSLR on tidal 
wetland productivity, benefits for coastal wetland resilience will diminish in the long term as rates of RSLR accelerate.

INTRODUCTION
Coastal wetland plant communities including marshes, mangroves, 
tidal freshwater forests, and seagrasses are widely recognized as pro-
viding wildlife habitat, improved water quality, storm surge protec-
tion, and carbon sequestration. Under the relatively low rates of 
sea-level rise and stable environmental conditions of the Holocene, 
coastal wetlands have maintained elevation relative to changing sea 
levels through the sequestration of autochthonous carbon and trap-
ping of allochthonous sediment (1), maintaining wetland surface ele-
vation relative to sea level (2). However, there is evidence that climate 
change–driven acceleration of sea-level rise (3, 4) combined with land 
subsidence (5), the sum of which is relative sea-level rise (RSLR), is 
increasingly outpacing the rate of coastal wetland elevation gain, po-
tentially “drowning” these important ecosystems. Some assessments 
indicate a potential 20 to 48% loss of estuarine marshes during the 
21st century (6, 7), although these estimates remain highly uncertain 
due to the lack of local data and process knowledge (7, 8).

Climate change arises primarily from the infrared absorption prop-
erties of the greenhouse gas CO2; however, increases in atmospheric 
CO2 concentration can also promote plant growth by increasing the rate 
of photosynthesis and biomass accumulation, principally for plants with 
the C3 photosynthetic pathway (approximately 90% of all plant species). 
Empirical studies demonstrate that projected increases in plant produc-
tion in response to future elevated CO2 concentration (eCO2) can increase 
vertical accretion and elevation gain (9–11). Modeling studies forecast 
that this response will increase the resilience of tidal marshes to accelerated 
RSLR (12, 13). Because the resilience gained from the stimulatory ef-
fects of eCO2 on plant photosynthesis and growth is projected to be 
substantial (12, 13), it is important to verify projections based on models 
with long-term (decadal scale) experimental manipulations that test 

eCO2 effects on plant production, biogenic deposition, and accretion 
rate. If sustained over time, eCO2 could accelerate biomass accumulation 
and elevation gain, leading to enhanced resilience for C3-dominated 
wetlands, including tidal marshes and mangroves (7).

Whether rising eCO2-mediated effects on plant productivity can 
counterbalance RSLR over the long term (decades) is unclear. For 
marshes that are dominated by C4 plants, which respond minimally to 
rising CO2 concentrations (14, 15), eCO2 is unlikely to influence resil-
ience to RSLR. In contrast, models parameterized from the eCO2 re-
sponse of short-term experiments forecast that eCO2 will substantially 
mitigate this outcome in C3-dominated wetlands (12, 13). However, 
these forecasts have not considered whether the eCO2 stimulation of 
plant biomass and elevation gain observed in short-term eCO2 experi-
ments will persist in C3-dominated tidal wetlands under more realistic 
scenarios in which multiple global change factors are interacting to 
enhance or diminish eCO2 stimulation of C3 plant productivity.

In 1987, open-top chambers were established in a brackish 
tidal marsh on the Chesapeake Bay, USA to simulate projected 
(ca. 700 mol mol−1) atmospheric CO2 concentrations (14). It is 
now the longest experimental study of the impacts of rising CO2 
concentration on ecosystem function. A subset of the experimental 
plots in the study is dominated by the North American C3 sedge 
Schoenoplectus americanus (formerly Scirpus olneyi). After more 
than three decades, the response of the C3 plant community to ex-
perimentally manipulated eCO2 can be evaluated against changes in 
uncontrolled background environmental conditions such as slowly 
rising ambient CO2 concentration, sea level, salinity, precipitation, 
temperature, and nitrogen loading. Sufficient time has elapsed to 
determine whether the projected increase in CO2 concentration used 
in this study has resulted in temporal variation in the stimulation of 
plant biomass relative to other global change factors. This informa-
tion is critical for assessing the impact of both recent and projected 
global change on tidal wetland ecosystem function and resilience.

RESULTS AND DISCUSSION
Absent or diminished plant responses to ambient 
and elevated CO2
Ambient atmospheric CO2 concentration increased from 348 mol 
mol−1 in 1987 to 410 mol mol−1 in 2019 (~18% increase), but there 
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is no evidence of a concomitant increase in S. americanus peak an-
nual aboveground biomass (Fig. 1 and fig. S1). Experimental eCO2, 
simulating end-of-century atmospheric conditions (ca. 700 mol mol−1), 
stimulated shoot biomass production, with considerable interannual 
variation related to salinity and sea level as previously reported 
(16, 17). However, when cumulative changes in shoot biomass are 
considered over the full 33-year period (to 2019), a sigmoidal func-
tion is observed, which illuminates decadal-scale variation in the 
plant productivity response to eCO2 (Fig. 2), related primarily to the 
shoot density response (fig. S2).

The sigmoidal shape of the cumulative eCO2 biomass response 
to time function indicates three distinct temporal phases in the 
eCO2 response: An initial “lag” phase of about 4 years (1987–1990), 
characterized by high variability in the biomass response, may re-
flect plant and microbial adjustment to the sudden step increase in 
CO2 concentration; a second phase (1991–2002) is characterized by a 
larger and more consistent eCO2 stimulation of biomass (i.e., a steeper 
and relatively linear cumulative response); and a third phase beginning 
ca. 2005 when the eCO2 response declined. This third phase suggests 
a suppression of the eCO2 response due to external factors that in-
terfere with the response, or negative feedbacks arising from the eCO2 
response such as acclimation or progressive N limitation.

The first two phases of the eCO2 response were noted in previ-
ous syntheses of the shoot biomass data from this experiment, par-
ticularly the second phase of consistent eCO2 stimulation of biomass 
production, consistent with that of Rasse et al. (18) and Erickson et al. 
(17) for data compiled through 2004. Phases 1 and 3 are apparent 
in the eCO2 shoot biomass response data compiled by Drake (16) 
for this experiment through 2010, although the post-2005 decline 
(phase 3) was not noted. We have not observed the same patterns 
in a second eCO2 experiment colocated at the Global Change Re-
search Wetland (GCReW) that began in 2006 (9, 19), possibly 
because the strong eCO2 response phase that we might have ex-
pected at the start of the newer experiment occurred at a time (i.e., 
post-2005) when other factors, such as accelerated RSLR, were 
suppressing the eCO2 responses, as observed in the older experi-
ment. Our analysis of the full 33-year record demonstrates that the 

response of S. americanus biomass to eCO2 has declined significantly 
since 2006 (Fig. 3).

Environmental drivers of diminished plant eCO2 response
The decline in plant biomass response to eCO2 that began after 
ca.18 years of treatment does not correspond to temporal patterns 
in several factors known to regulate primary productivity in tidal 
marshes such as annual precipitation or average growing season 
salinity in the adjacent estuary or soil porewater (fig. S3). Maximum 
growing season air temperature declined by ca. 3°C from 1987 to 
2019, but minimum air temperature increased by 5°C with no net 
effect on average air temperature (fig. S4). Although nitrogen (N) 
limits plant growth responses to eCO2 at this site (20, 21), there were 
no temporal trends in concentrations of dissolved NO3

− + NO2
−, 

dissolved NH4
+, or particulate-bound NH4

+ in the Rhode River sub-
estuary adjacent to the study site (fig. S5). There were also no tem-
poral trends in shoot or above ground N content within CO2 
concentration treatments (fig. S6). There were eCO2-driven differ-
ences in tissue N content, but these differences were consistent 
throughout the study, even when eCO2 stimulation of biomass varied 
temporally (fig. S6). We did not quantify changes in suspended sedi-
ment because sediment deposition on the upland edge of this high 
marsh where the experiment is located is negligible as illustrated by 
the fact that soil organic matter content is >80% (19).

Relative sea level was the only temporal variable in our analysis 
that corresponded to declining trends in the S. americanus shoot 
biomass response to eCO2. When the shoot biomass response to 
eCO2 is binned in 2-year increments to account for lags in plant 
response and plotted against growing season sea level (when these 
plant species are photosynthetically active), there is a nonlinear re-
lationship (Fig. 4). eCO2 initially stimulated productivity when sea 
level was below an elevation of ca. 15 cm with respect to the North 
American Vertical Datum of 1988 (NAVD88), but above this eleva-
tion threshold, eCO2 stimulation declined. This elevation threshold 
corresponds closely to marsh surface elevation at this site of 20- to 
25-cm NAVD88 (22). Because root productivity at the site also 
began to decline above the 15-cm NAVD88 threshold (Fig. 4), we 

Fig. 1. Ambient CO2 and shoot biomass. Peak annual aboveground biomass (±SE) 
of the C3 sedge S. americanus from 1987 to 2019 in chambered plots at ambient CO2 
concentration (left axis, blue symbols), during which ambient CO2 concentration 
rose from 348 to 410 mol mol−1 (black symbols, right axis). No significant changes 
in biomass were observed (P = 0.72). The blue line is the best-fit linear regression 
result (R2 = 0.004, P = 0.72).

Fig. 2. Shoot biomass responses to eCO2. Shoot biomass responses to eCO2 ex-
posure from 1987 to 2019 plotted as both the annual difference in the mean bio-
mass of the elevated (E) and ambient (A) treatments (right y axis in green symbols) 
and the cumulative difference in mean biomass of the two treatments over time 
(left y axis in black symbols). Cumulative shoot biomass data were fit to years of 
treatment with a fourth-order quadratic equation (Y = 1170 + 3850X – 930X2 – 
826X3 + 343X4, R2 = 0.99, P < 0.001).
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infer that increasing periods of soil saturation caused the dimin-
ished eCO2 response. The increase in sea level was accompanied by 
a minor decrease in tidal range (fig. S7). This may have increased 
the duration of marsh inundation over time (23, 24) but was likely 
too small to be important.

Mechanisms for sea level–driven loss of eCO2 stimulation
The extent to which sea-level rise translates into increased flooding 
frequency at our tidal marsh study site depends on rates of deep 
land subsidence and the rate of soil surface elevation gain. The 
study site is in a region of rapid deep subsidence that exacerbates 
the increase in flooding caused by sea-level rise alone (5, 25). This 
loss of elevation can be offset by plant-driven elevation gain, a pro-
cess that eCO2 can stimulate (9). Although we do not have changes 
in soil elevation data before 2005 for this experiment, the total ele-
vation gain since 2005 at an adjacent experiment was 2.2 cm at am-
bient CO2 and 3.8 cm at eCO2 (2005–2019; Fig. 5), far less than the 
ca. 15-cm increase in sea level during the same period (Fig. 6). Thus, 
eCO2 stimulation of elevation gain was not rapid enough during 
a 14-year period in the adjacent experiment to offset the increase 
in flooding frequency inferred from local RSLR. Further evidence 
of an increase in the rate of RSLR at the site is a clear shift in 
plant community composition to more flood-tolerant species (i.e., 
S. americanus) over the past decade, as this site has become more 
frequently inundated (26).

We propose that increasing inundation caused by RSLR crossed 
a physiological threshold in approximately 2005, whereby flooding 
began to interfere with the ability of S. americanus to respond to 
eCO2. Although the specific physiological basis for an RSLR-driven 
reduction in eCO2 response is unclear, our results suggest that the 
mechanism relates to flooding effects that begin with impacts on 
belowground production. In previous work at this site and else-
where, flooding stress reduces root-to-shoot ratio of plant produc-
tion (27), a response that is directly opposed to one of the most 
consistent plant responses to eCO2, which is increased growth allo-
cation to roots (28). In the present study, root production declined 
sharply across both treatments as eCO2 stimulation of aboveground 
production declined (Figs. 4 and 6). Inundation frequency and 

duration increased as RSLR accelerated, which likely caused higher 
anaerobic stress in roots, increased concentrations of toxins such as 
sulfide, and reduced photosynthetic capacity due to nitrogen limita-
tion (29–31). We suspect that flooding stress precluded shifting plant 
allocation patterns that are commonly observed in relatively low-
stress conditions to help sustain eCO2 stimulation of productivity, 
including enhancing nutrient foraging (32) and a belowground 
growth sink for photosynthates, without which eCO2 stimulation of 
photosynthesis can decline due to acclimation (33). Thus, plant 
growth stimulation in response to eCO2 is subordinate to the strict 
physiological limitations imposed by flooding.

Implications for tidal wetland resilience
Declining root productivity and the declining eCO2 effect on abo-
veground biomass may portend a decline in aboveground biomass 
productivity in this marsh. In a previous sea-level manipulation, we 
found that the optimum elevation for root production lies higher than 
the optimum elevation for aboveground production (27). This pattern 
may explain why root productivity has declined sharply without a 
concomitant decline in aboveground production so far (Figs. 1 and 
4). We predict that the rate of RSLR will continue to outpace the 
rate of elevation gain at this site, which currently lies below mean 
growing season sea level (Figs. 5 and 6), and that aboveground plant 
growth will decline in the coming decades.

Fig. 3. Early and late phases of eCO2 responses. The eCO2 response ratio of 
S. americanus biomass in the plant community dominated by S. americanus from 
1987 to 2005 compared to 2006 to 2019. The response ratio was calculated as an-
nual mean biomass at eCO2 (E) divided by the annual mean biomass at ambient 
CO2 (A). Symbols represent a significant difference between the two groups at 
P < 0.001 (***). The response ratio from 1987 to 2005 was significantly different 
from 1.0 (P < 0.001), while the response ratio from 2006 to 2019 was not significant-
ly different from 1.0 (P = 0.669).

Fig. 4. Shoot biomass eCO2 response to sea level. (A) Relationship between sea 
level and shoot biomass response ratio to eCO2 for S. americanus (top). Replicates 
in a CO2 concentration treatment were averaged in 2-year intervals beginning from 
1987 to account for lags between sea-level change and plant production responses 
to sea level. The shoot biomass response ratio is the ratio of the 2-year averages for 
the eCO2 (E) and ambient CO2 (A) treatments. (B) Relationship of root productivity 
to sea level. Root productivity in each 2-year interval is the average of the eCO2 
and ambient CO2 treatments. Lines represent quadratic fits: E/A = 1.131 + 0.0213 × 
SL − 0.000141 × SL2 (R2 = 0.388, P = 0.032); root productivity = 455.9 + 1.007 × SL − 
0.715 × SL2 (R2 = 0.449, P = 0.016). Shading encompasses the 95% confidence inter-
val of the quadratic relationship. SL, sea level.
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Accelerating RSLR may also explain why the slow increase in 
ambient CO2 concentration over 33 years has not increased plant 
production in the ambient treatment. Another possibility is that ris-
ing CO2 concentration was sufficiently gradual as to allow for pho-
tosynthetic acclimation; this acclimation has been observed in 
Arabidopsis with gradual CO2 concentration increases over multi-
ple generations (34). In our field study, a sharp step increase in CO2 
concentration to simulate end-of-century concentrations did sig-
nificantly increase shoot biomass (following a brief lag phase) for 
over a decade (Figs. 2 and 3), showing that the eCO2 stimulation 
observed in short-term eCO2 studies can persist over decades. How-
ever, in this instance, the eCO2 stimulation of biomass was transient 
at a decadal scale because of a negative feedback imposed by accel-
erating RSLR.

Previous research in a companion experiment at this location 
that began in 2006 indicated that future eCO2 concentrations could 
increase soil volume and elevation gain in the short term (2 years) 
(9) due primarily to enhanced rates of root production. Numerical 
models have forecast that the eCO2 response will improve tidal 
marsh resilience in C3-dominated marshes if maintained over de-
cades (12, 13). However, the current study suggests that gradual in-
creases in ambient atmospheric CO2 concentration over a 33-year 
period were insufficient to stimulate biomass production, and that 
the larger stimulatory benefits of future CO2 concentrations for 
plant biomass and soil elevation gain could diminish over time as 
rates of RSLR accelerate. This pattern is consistent with the reduc-
tion in root production over time observed here (Figs. 4 and 5). 
The slightly higher elevation of the eCO2 treatment predicted by the 

model after ca. 2006 when root productivity in the two treatments 
converged (Fig.  4) is likely an overestimate arising from our as-
sumption that eCO2 stimulation of elevation measured over 14 years 
in the 2006 experiment applied linearly over the 33 years of 1987 ex-
periment. However, even this best-case scenario does not allow the 
marsh to increase elevation at the rate of sea-level rise.

Although the potential for rapid RSLR to suppress eCO2 stimu-
lation of plant production should, in principle, apply widely to coastal 
wetland ecosystems based on known physiological limits to flood 
tolerance, the likelihood and timing of such a response depends on 
many factors. Key plant traits such as flood tolerance, salinity toler-
ance, and eCO2 stimulation of photosynthesis can determine phys-
iological thresholds. For example, invasive genotypes of Phragmites 
australis respond to eCO2 and other climate change factors differ-
ently from native species, which may promote relatively higher rates 
of elevation gain (35, 36). Conversely, any stimulatory effect of 
eCO2 on Rhizophora spp. production, a C3 mangrove tree species, 

Fig. 5. Cumulative surface elevation gain. Cumulative elevation gain for 
S. americanus–dominated plots from 2006 to 2019 for ambient (A) and elevated (E) 
CO2 treatments. Elevation measurements were made in a companion experiment 
colocated at the study site that began in 2006 (7). The increase in elevation for 
both CO2 treatments is significantly less than the long-term rate of sea-level rise 
(3.7 mm year−1) in the 93-year record from the Annapolis NOAA gauge. Elevation 
change was measured with a modified surface elevation table [(9, 41); table S1]. Fig. 6. Elevation trends in relation to root production. (A) Absolute elevations 

of marsh plots and sea level. Marsh elevations are based on elevation surveys and 
elevation change estimates modeled from an adjacent eCO2 experiment, yielding 
rates for eCO2 (red dashed line) and ambient CO2 (blue dashed line) plots. The 
sea-level trace (black line) represents annual mean sea level for each growing sea-
son (May to July) from the Annapolis gauge. The historical rate of sea-level rise 
based on a linear fit of the 93-year record from the Annapolis NOAA gauge 
(3.7 mm year−1, dashed gray line) is plotted at the same starting point for comparison 
to the actual mean sea level over the interval of this study, 1987–2019. (B) Estimated 
marsh elevations relative to sea level for eCO2 (red symbols) and ambient CO2 
(blue symbols). In a given year, marsh elevations below 0 are lower than sea level 
during the growing season. (C) Root production in eCO2 (red symbols) and ambient 
(blue symbols) plots over 33 years.
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may be short term and dependent on low-salinity conditions and 
species type (37, 38). The current study was conducted in a sediment-
limited geomorphic setting, negating the potential for eCO2 to stim-
ulate soil elevation gain through increased sediment deposition 
(21, 27), suggesting that eCO2 stimulation of elevation gain could be 
more persistent in systems with high suspended sediment concen-
trations. Other plant traits and hydrogeomorphic conditions influ-
enced by climate change such as lateral migration and resistance to 
erosion need additional clarification as to their impact on wetland 
functionality (39). However, it must be acknowledged that the in-
teractions of eCO2 and other global change factors are certain to 
alter wetland plant community composition and biogeochemistry 
with consequences for ecosystem resilience to RSLR.

Overall, the future ecological function of coastal wetlands will 
depend on the interactions of RSLR and several physical, hydrolog-
ical, and biological processes that determine resilience via soil eleva-
tion gain and tidal wetland migration into uplands. On the basis of 
short-term responses, it has been proposed that increasing atmospheric 
CO2 concentration, by stimulating plant productivity, will enhance 
soil elevation gain and increase tidal wetland resilience to RSLR in 
C3-dominated systems (9–11). While additional data for other coastal 
wetland ecosystems are urgently needed, the current study synthe-
sized the longest continuous (33-year) record of current and future 
CO2 concentration effects on a C3 plant community to conclude that 
marsh inundation frequency will cross a critical threshold at which 
RSLR and flooding stress overcomes the stimulatory effect of eCO2 
on S. americanus biomass production. We conclude that eCO2 
cannot be assumed to significantly enhance wetland resilience to 
RSLR in the long term. Further work is required to refine the 
mechanisms by which RSLR suppresses eCO2 stimulation of plant 
growth and identify the biohydrogeomorphic conditions that govern 
this response.

MATERIALS AND METHODS
Site description
The experiments were conducted at GCReW, a facility of the 
Smithsonian Environmental Research Center (Edgewater, MD, USA). 
GCReW occupies a large portion of Kirkpatrick Marsh (38°53′N, 
76°33′W), a 22-ha site on the Rhode River, a microtidal sub-estuary 
of the Chesapeake Bay. Large areas of the site are dominated by a C3 
sedge, S. americanus (previously described as S. olneyi), and two C4 
perennial grasses, Spartina patens and Distichlis spicata, which are 
widely distributed as monocultures and mixtures in tidal brackish 
marshes throughout the eastern seaboard and Gulf of Mexico coast 
of the United States. All three species have perennial roots, rhizomes, 
culms, and annual shoots. Soils at the site are highly organic (>80% 
organic matter) to a depth of ca. 5 m. At the time the primary exper-
iment was initiated (May 1987), mean tidal range was 44 cm and the 
high marsh zone where the experiment is located was ca. 40 to 
60 cm above daily mean low water level (22). In summer 2021, the 
elevation of the experimental plots in the primary study averaged 
17.7 cm (±SD 3.0 cm) NAVD88.

Experimental design
Open-top chambers in the primary experiment were installed in 
May 1987 to expose aboveground biomass to elevated atmospheric 
CO2 concentrations in situ (40). The original chambers were 1.2 m 
tall and 0.8 m in diameter and encompassed 0.47 m2 of the soil 

surface (40). The full study design includes ambient and eCO2-treated 
plots in each of three distinct plant communities, but the data in 
the present study are from the S. americanus–dominated communi-
ty only, as eCO2 effects in the other two plant communities are con-
founded by the presence of C4 species that do not respond strongly 
to eCO2. Five chambers in the S. americanus community were ven-
tilated with ambient air that was ca. 348 mol mol−1 in 1987 and ca. 
410 mol mol−1 in 2019. An additional five chambers were ventilated 
with ambient air amended with an additional ca. 340 mol mol−1 
CO2, representing an approximate doubling of CO2 concentration 
relative to 1987 levels. The eCO2-treated chambers received supple-
mental CO2 by continuous injection of 100% CO2 gas into the input 
blower, where it mixed with ambient air before being circulated 
into the chamber via a second blower and manifold. This chamber 
design was modified in 2014 to eliminate the second blower such 
that the ambient air mixed with CO2 entered the manifold directly, 
similar to the design of Langley et al. (41). The dimensions of the 
chambers did not change in 2014 other than an increase in area 
from 0.47 to 0.53 m2 due to a change in chamber shape from circu-
lar to octagonal.

A second experiment began in 2006 that crossed eCO2 and 
supplemental nitrogen (41). The 2006 study is dominated by 
S. americanus, located 10 to 100 m from the 1987 study, and has an 
elevation range similar to the S. americanus–dominated plots in the 
1987 study. The open-top chambers are very similar to the 1987 
study in design but enclose seven times more soil surface area 
(3.3  m2) and are fitted with surface elevation tables for tracking 
changes in soil surface elevation.

Biomass determination
Shoot density, growth, and aboveground biomass were estimated 
annually for each plot from 1987 to 2019. The total number of 
S. americanus shoots was manually counted at the peak of the growing 
season at the end of July or early August (42). Allometric models 
were developed from linear regressions of oven-dry stem mass to 
stem diameter and height as determined by the harvest of stems from 
each plot annually from 1987 to 2016 (42). Stem density was deter-
mined for each plot by counting stems in the entire 0.47-m2 plot 
area. Aboveground biomass was calculated as the product of mean 
individual plant biomass from the allometric equations and plant 
density. Root biomass productivity was assessed annually by three 
replicate ingrowth bags deployed in late autumn in each plot (17). 
Bags were recovered the following autumn, and contents were sorted 
into roots and rhizomes, oven-dried, and weighed. Root production 
is presented here on a soil surface area basis and does not include 
rhizomes, which are poorly sampled by this method. Samples of dry 
shoots were analyzed for C and N concentrations at the Smithsonian 
Stable Isotope Laboratory (Suitland, MD, USA) or the UC Davis 
Stable Isotope Facility (Davis, CA, USA).

Marsh elevation measurement
Elevation history of plots in the 1987 experiment was approximated 
from elevation measurements in the adjacent companion experi-
ment that began in 2006 (9). The 2006 experiment is a cross be-
tween eCO2 and added nitrogen, but data were used only from the 
subset of plots that did not receive nitrogen. Elevation in the 2006 
experiment was measured using a modified surface elevation table 
(9, 41). Briefly, a stainless steel rod was driven into the soil to the point 
of refusal (ca. 7 m) in each plot to establish a stable benchmark. An 
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aluminum beam was affixed to the benchmark, extended horizon-
tally through the chamber and an adjacent unchambered plot, and 
leveled precisely to occupy the same reference plane in space during 
each sampling. Fiberglass pins (6.35 mm diameter) of known length 
were placed through holes at 4-cm intervals in the beam and gently 
lowered to the soil surface so that the 40 to 50 pins within each 
chamber landed on the same point of the marsh surface during each 
sampling. The height of each pin relative to the benchmarked and 
leveled beam was recorded to the nearest millimeters at each mea-
surement time point. Measurements were made at least twice each 
year except for the period 2012–2019 when there was a technical 
issue with the measurements. Cumulative elevation change was cal-
culated as the product of the average annual rate of elevation change 
(see the “Statistical analysis” section) and the total duration of the 
time series (14 years; fig. S8 and table S1). The 33-year elevation his-
tory of plots in the 1987 experiment was approximated by assuming 
that all plots had the same initial elevation at the start of the study, 
and they gained elevation at a constant rate equal to their respective 
treatments (ambient CO2 or eCO2) in the 2006 experiment.

Environmental and nutrient data
Trends in variables that are known to influence tidal wetland pri-
mary productivity came from several sources. Data on salinity in 
Rhode River water that inundates the marsh were collected at a 
fixed location and depth located 1.6  km from Kirkpatrick Marsh 
(table S2) using three different instruments as explained by 
Gallegos et al. (43). Porewater salinity was calculated from [Cl−] on 
triplicate samples per chamber drawn from 20-cm depth as de-
scribed by Keller et al. (44). Depth-integrated concentrations of dis-
solved NO3

− + NO2
−, dissolved NH4

+, and particulate-bound NH4
+ 

in the Rhode River (table S3) were determined within 100  m of 
Kirkpatrick Marsh [station 5T in (44)] from 1986 to 2019 following 
the methods of Correll et al. (45). Points are annual averages of 
20 to 38 observations from 1986 to 2011 and 6 to 19 observations 
thereafter.

Precipitation and temperature data are from the iAIMS Climatic 
Data repository for the U.S. Naval Academy at Annapolis, Anne 
Arundel County, MD, USA, station “Annapolis US NAVAL ACA” 
(https://beaumont.tamu.edu/climaticdata/WorldMap.aspx), located 
11 km from Kirkpatrick Marsh. Mean sea-level data are reported 
as mean water level at a National Oceanic and Atmospheric Admin-
istration (NOAA)/National Ocean Service (NOS) tide gauge rela-
tive to the NAVD88 datum. Mean hourly water level data from 
1987 to 2019 were averaged each year for the months of May, June, 
and July. The data were obtained from the U.S. Naval Academy 
at Annapolis, MD, station 8575512 (https://tidesandcurrents.noaa.
gov/sltrends/sltrends_station.shtml?id=8575512).

Annual averages of environmental and nutrient variables were 
calculated for the full year or the growing season depending on the 
relationship of the variable to eCO2 effects on primary production. 
Sea level, salinity, precipitation, and temperature were summarized 
for May, June, and July. We define the growing season as starting in 
May when green shoots emerge from the soil and ending in July when 
plant biomass peaks, and we conduct a field assessment of annual 
aboveground biomass production. The growing season technically 
extends through October, but we cannot quantify the effects of en-
vironmental variables on shoot biomass production past July. In 
addition, the effects of sea level, salinity, precipitation, and tempera-
ture on plant growth during the remainder of the year (August onward) 

are less important than during the main growing season. In contrast, 
nitrogen inputs to the marsh in the nongrowing season accumulate 
in soils and can affect growing season primary productivity; there-
fore, we averaged nitrogen concentrations for the full annual record.

Statistical analysis
Linear regression relationships between time and environmental 
variables were conducted using SigmaPlot (Statview Software, Cary, 
NC, USA), JMP (JMP Pro, Cary, NC, USA), or OriginPro version 
2021b (OriginLab Corporation, Northampton, MA, USA). The 
fourth-order quadratic in Fig. 2 was calculated in OriginPro version 
2021b. Differences in the S. americanus biomass eCO2 response ratio 
for the periods 1987–2005 and 2006–2019 were determined by a 
two-sample t test applied to the means between the two groups, and a 
one-sample t test to compare whether the means of each group were 
significantly different from 1.0 using R (46). Rates of elevation gain 
were calculated for each individual measurement pin as the slope of 
all elevation measurements versus time; this approach avoids over-
weighting any one elevation time point, which is subject to tidal and 
seasonal fluctuations. Next, the slopes of individual pins were aver-
aged to generate a mean elevation change for each plot. Last, ambient 
CO2 and eCO2 treatments were compared by t test (n = 5). We tested 
for chamber effects on S. americanus shoot biomass by comparing 
ambient plots with and without chambers. We applied a two-way 
repeated-measures analysis of variance (ANOVA) with year as the 
within-subject factor and CO2 concentration as the between-subject 
factor using bruceR (47). Because this test showed a significant Treat-
ment × Year interaction, we used post hoc t tests to identify years with 
significant differences. Statements about the absence of statistical sig-
nificance are based on P < 0.05. Standard error of the mean (SEM) for 
the eCO2 effect on shoot biomass (Fig. 2) was calculated as

	​​ √ 
_________________________________

   ​(SEM ambient)​​ 2​ + ​(SEM elevated)​​ 2​ ​​	

SUPPLEMENTARY MATERIALS
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