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PREMISE: Biological invasions increasingly threaten native biodiversity and ecosystem
services. One notable example is the common reed, Phragmites australis, which
aggressively invades North American salt marshes. Elevated atmospheric CO, and nitrogen
pollution enhance its growth and facilitate invasion because P. australis responds more
strongly to these enrichments than do native species. We investigated how modifications
to stomatal features contribute to strong photosynthetic responses to CO, and nitrogen
enrichment in P. australis by evaluating stomatal shifts under experimental conditions and
relating them to maximal stomatal conductance (g, __) and photosynthetic rates.

METHODS: Plants were grown in situ in open-top chambers under ambient and elevated
atmospheric CO, (eCO,) and porewater nitrogen (N, ) in a Chesapeake Bay tidal marsh. We
measured light-saturated carbon assimilation rates (Asal) and stomatal characteristics, from
which we calculated g, and determined whether CO, and N__ altered the relationship
betweeng, ~andA_.

RESULTS: eCO,and N_ enhanced bothg _ and A_, butto differing degrees; g, was
more strongly influenced by N_ through increases in stomatal density while A_ was more
strongly stimulated by eCO,. There was a positive relationship between g

and A_ that
was not modified by eCO, or N__, individually or in combination.

wmax

CONCLUSIONS: Changes in stomatal features co-occur with previously described responses
of P. australis to eCO, and N_ . Complementary responses of stomatal length and density to
these global change factors may facilitate greater stomatal conductance and carbon gain,
contributing to the invasiveness of the introduced lineage.

KEY WORDS carbon dioxide; environmental scanning electron microscopy (ESEM); guard
cell length; leaf surface features; nitrogen eutrophication; Poaceae.

Owing to the accelerating pace of globalization, biological in-
vasions increasingly threaten native biodiversity and ecosys-
tem functions (Groom, 2006; Katsanevakis et al., 2014; Vila and
Hulme, 2017). One of the world’s most prolific invaders is the
common reed, Phragmites australis (Cav.) Trin. ex Steud., a well-
described species and promising model organism for studying
invasive plants and their responses to global change (Eller et al.,

2017; Cesarino etal., 2020). Phragmites australis is a cosmopolitan
species (Meyerson et al., 2016; Eller et al., 2017) but, across much
of North America, an introduced lineage has aggressively spread
into freshwater and brackish habitats (hereafter “invasive P. aus-
tralis” or simply “P. australis”; Saltonstall, 2002; Meyerson et al.,
2009). Consequences of its invasion include changes to commu-
nity structure; a loss of local plant, fish, and bird biodiversity; and
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altered nutrient and sedimentation dynamics (Chambers et al.,
1999; Silliman and Bertness, 2004).

Invasive P. australis thrives in human-disturbed marshes. In
particular, agricultural runoff, industrial expansion, shoreline
development, and the removal of woody vegetation border-
ing marshes contribute to the reed’s success by enriching pore-
water nutrients and removing native competitors (Chambers
et al., 1999; Amsberry et al., 2000; Minchinton and Bertness,
2003; Silliman and Bertness, 2004 ). Invasive P. australis also has
a strong photosynthetic response to elevated atmospheric CO,
concentrations (eCO,; Mozdzer and Megonigal, 2012). Moreover,
its responses to eCO, and nitrogen enrichment (N_ ) are nearly
additive; one study found that, individually, eCO, and N__stim-
ulated its gross primary productivity (GPP) by 44% and 60%, re-
spectively, but together they raised GPP by 95% (Caplan et al.,
2015). Critically, P. australis also responds more strongly than
native marsh species to CO, and N enrichment (Minchinton
and Bertness, 2003; Mozdzer and Zieman, 2010; Mozdzer and
Megonigal, 2012; Caplan et al., 2015). These unusually strong re-
sponses to resource addition have been attributed to high pheno-
typic plasticity in a number of physiological and morphological
traits (Engloner, 2009; Mozdzer and Megonigal, 2012), including
stomatal anatomy (Douhovnikoff et al., 2016).

Stomata play an integral role in mediating gas exchange so
as to maximize carbon assimilation while regulating water loss
(Razzaghi et al.,, 2011). Plants adjust leaf conductance to gases
dynamically, by controlling stomatal aperture, and developmen-
tally, by modifying stomatal morphology and density (Haworth
et al., 2013, 2015). Fossil evidence (Franks et al., 2009), mathe-
matical models (Konrad et al., 2008; de Boer et al., 2011), and
growth chamber experiments (Woodward and Bazzaz, 1988)
have shown that stomatal density generally declines in response
to eCO,, allowing plants across numerous taxa to maintain CO,
assimilation rates while reducing transpiration. Nitrogen avail-
ability has also been linked to changes in stomatal aperture and
plant water relations (Schulze et al., 1994; Maire et al., 2012; Lee
et al., 2013; Song et al.,, 2019). Nitrogen limitation generally de-
creases stomatal conductance, leading to lower rates of photo-
synthesis and transpiration (Schulze et al., 1994; Lee et al., 2013).
Conversely, nitrogen addition has been shown to improve water-
use efficiency under drought through changes to stomatal regula-
tion (Song et al., 2019).

In P. australis, high levels of phenotypic plasticity in stoma-
tal features (Douhovnikoff et al., 2016; Spens and Douhovnikoff,
2016) may contribute to its physiological responses to eCO, and
N__. For instance, under eCO,, a decline in stomatal density may
allow P. australis to reduce water loss while maintaining high pho-
tosynthestic rates (Franks and Farquhar, 2007; de Boer et al., 2011).
Alterations to stomatal density and transpiration rates can also in-
fluence nutrient uptake through roots (Hepworth et al., 2015), while
changes in stomatal size can influence the level of control plants
have over stomatal aperture under varying hydrological conditions
(in particular, plants can more rapidly adjust the aperture of smaller
stomata; Franks and Farquhar, 2007; Franks et al., 2009). Despite
the key role of stomata in mediating gas exchange, prior studies
have not connected stomatal morphology of P. australis directly
to its strong physiological response to eCO, and N_ . For example,
Mozdzer and Caplan (2018) reported eCO, and N__effects on sto-
matal characteristics and rates of photosynthesis but did not exam-
ine the relationship between them.
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We estimated maximal conductance to water (g _ ) of P.
australis from measurements of stomatal characteristics in an
open-top chamber experiment simulating near-future CO, con-
centrations and moderate levels of N enrichment. By pairing
these measurements with those of gas exchange at the leaf level,
we sought to mechanistically relate changes in stomatal features
and photosynthetic physiology under global change conditions.
We expected eCO, to stimulate photosynthesis but to induce re-
ductions in stomatal density to reduce water loss. Further, since N
limitation tends to decrease stomatal conductance (Schulze et al.,
1994; Lee et al., 2013), we expected stomatal density to increase
under N_ . However, we predicted that stomatal length would
decrease under N_ given that changes in stomatal length tend
to be opposite in direction to changes in density (Franks et al.,
2009). We did not expect eCO, to alter stomatal length, as this has
not been observed in other studies (e.g., Haworth et al., 2013),
except for those encompassing evolutionary to geologic times-
cales (Franks et al., 2009). We expected eCO, and N__to have an
additive effect on photosynthetic CO, assimilation, as previously
demonstrated (e.g., Mozdzer and Caplan, 2018). Finally, under
the assumption that changes to stomatal morphology underlie P.
australis’” growth responses to global change, we expected eCO,
and N__ to have similarly additive effects on relationships be-
tween stomatal characteristics, maximal stomatal conductance,
and photosynthesis.

MATERIALS AND METHODS

Study site

The field component of this study was conducted at the Global
Change Research Wetland (GCREW) in Edgewater, Maryland,
United States (38.8742°N, 76.5474°W), which is administered by
the Smithsonian Environmental Research Center. The GCREW
is a brackish tidal marsh in the Rhode River subestuary of the
Chesapeake Bay (mean = 10 practical salinity units [PSU], range = 3—
15 PSU). Around 1970, P. australis became established and has since
replaced much of the native high marsh community, which is other-
wise dominated by Schoenoplectus americanus, Spartina patens, and
Distichlis spicata (McCormick et al., 2010). Additional environmen-
tal data from the site are provided in Appendix S1.

Open-top chamber experiment

In 2011, 12 open-top chambers (1.25 x 2.5 x 4.4 m) were established
along the leading edge of a P. australis stand at the GCREW. Every
growing season since then, additions of eCO, and N__have been
given to half of the chambers in a blocked factorial design. Within
each of three blocks, chambers received either no addition, eCO,,
N, ., or eCO,+N_. The eCO, chambers were fumigated (+300
ppmv) from May through October. Nitrogen (+25 g N m™yr') was
applied monthly from May through September as ammonium chlo-
ride (5 g N m™ month™). Enrichment levels simulate atmospheric
CO, concentrations projected for 2100 under moderate CO, emis-
sions models (Meinshausen et al., 2011) while N levels are char-
acteristic of moderately nutrient-enriched estuaries on the Atlantic
Coast of North America (Hopkinson and Giblin, 2008). Additional
details of the enrichment experiment for P. australis at the GCREW
were provided by Caplan et al. (2015).
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Stomatal measurements

In July 2013 and 2018, we haphazardly selected three to five
plants per experimental chamber and harvested the third or
fourth most-apical, fully expanded leaf from each. Leaf discs were
removed using a cork borer (14-mm diameter) and oven-dried
to constant mass at 60°C. We then imaged stomata on the dried
leaf discs using an environmental scanning electron microscope
(TESCAN VEGA3, Brno, Czech Republic). Environmental scan-
ning electron microscopy (ESEM) has several advantages over
standard epidermal peel imaging, including greater resolution,
higher magnification, and the ability to image dehydrated leaves
with little chemical preparation (Khan et al., 2017). Because
grasses are amphistomatous (Haworth et al., 2018), we imaged
both adaxial and abaxial surfaces. Specifically, dried leaf samples
were mounted on carbon tape stubs and imaged at two magnifica-
tions: 415x for measuring stomatal density (D; n = 356 measure-
ments) and 2076x for stomatal length (L; n = 881 measurements).
For each surface, we then calculated stomatal density (the num-
ber of stomata per unit area averaged across two 500 um x 375
um fields of view) and averaged the guard cell lengths of four to
five haphazardly selected stomata per leaf.

Maximal stomatal conductance

Following Douhovnikoft et al. (2016), we estimated the maximum
stomatal conductance to water vapor (g ) using the equation
given by Taylor et al. (2012) for grasses:

d amax
D———F—— (1)

VI ) a7

ngaX =

where d is the diffusivity of water in air (2.49 x 10° m? s' at
25°C), v is the molar volume of air (0.0245 m? mol™! at 25°C), D
is stomatal density (measured directly), and 7 is the geometric
constant (3.141). The calculation of g also requires stomatal
pore area (a,_ ) and stomatal pore depth (I), which were derived
from measured values of stomatal length (L; Taylor et al., 2012)
as follows:

0 = 0.4(0.25L%) (2)

1=0.125L. (3)

Photosynthesis

Light-saturated photosynthetic rates (A ) were obtained by mea-
suring light response curves in situ on the same leaves used for
ESEM imaging but before harvest (n = 35 leaves in 2013 and 48
leaves in 2018). In July 2013 and 2018, we measured the relationship
between photosynthetic rates and irradiance (i.e., we generated light
response curves) using three LI-6400XT Photosynthesis Systems
(LI-COR Biosciences, Lincoln, NE, USA). To do this, we exposed
leaves to a sequence of nine light levels (2000, 1500, 1000, 700, 400,
200, 50, 25, 0 umol photons m™ s™') at growth CO, (400 ppmv for
ambient and 700 ppmv for eCO,). Additional details were described
by Mozdzer and Caplan (2018). To obtain values of A_, we fit a non-
rectangular hyperbolic function (Prioul and Chartier, 1977) to each
data set using Prism v.8.4.3 (GraphPad Software, La Jolla, CA, USA).

Statistical analyses

We used linear mixed-effects models to compare the influence of
CO,, N, leaf surface, and their interactions (all fixed effects) on D,
L g, .and A . To account for experimental blocking and tak-
ing multiple measurements from chambers, all models included
random effects for leaf identity, block, block x CO, level and block
x N level. Year was likewise included as a random effect because we
were interested in accounting for the effects of interannual variation
in environmental conditions (Appendix S1) rather than testing for
them.

To examine the relationship between g and A_, we used
the same mixed-effects modeling approach described above but
A_, was designated the response variable and g was included
as a fixed effect; CO, level, N level, and their interactions were
also included as fixed effects. We worked with chamber-level
data for this analysis, with data from each year treated separately
(n = 24). Given that different portions of leaves were often used
for light-response curves and stomatal characterization, working
with leaf-level data was untenable. Thus, models included many
of the same random effects terms as above (year, block, block x
CO, level, and block x N level), but we omitted the term for leaf
identity.

We evaluated the influence of fixed effects on response vari-
ables using multi-model inference within the information-
theoretic statistical framework (Grueber et al., 2011; Harrison
et al.,, 2018). Specifically, we computed standardized, model-
averaged coefficients () for each fixed effect, which depict
the magnitude and direction of effect sizes and which can be
compared across effects. We note that our goal was to compare
effect sizes rather than to determine whether coefficients were
distinguishable from zero (Burnham and Anderson, 2002). To
compute f values, we standardized response variables and coded
fixed effects (all of which were binary) as £0.5 (Gelman, 2008;
Grueber et al., 2011). We then fit each full model and its hierar-
chically complete subsidiary models using maximum-likelihood
estimation. We quantified model fit based on the Akaike infor-
mation criterion corrected for small sample sizes (AIC)). Each
B was then computed as the weighted average of all parameter
estimates across models that had AAICc < 6. When a model in the
set did not contain a term, we used the conservative approach of
taking its coeflicient to be zero when averaging. The threshold for
including models in the averaging process (AAICc < 6) has been
recommended by several authors for ecological studies (Richards,
2008; Harrison et al., 2018). Given that we selected models to com-
pute model-averaged coeflicients rather than to identify a single,
best model, the choice of threshold would have had a minimal
effect on our results. Model-averaged coefficients and associated
statistics are presented in Table 1; only terms included in models
with AAICc < 6 appear.

In addition to using 8 values to assess effect sizes (with || < 0.1
deemed negligible), we used 95% confidence intervals (Cls) for
the f values to assess the strength of evidence for their effects.
Confidence intervals that excluded zero were taken as strong evi-
dence for the effect being real and interpretable, with the width of
the CI indicating how likely the effect was as strong as the 8 value
indicated. Confidence intervals that extended slightly past zero
were interpreted as providing modest evidence of an effect, and
those extending well past zero were considered to provide weak

evidence at best. RZGLMM values (Nakagawa and Schielzeth, 2013),
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TABLE 1. Summary of statistical models for stomatal parameters and light-saturated photosynthesis. R?

model-averaged.
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< Values are presented for full models. Coefficients are

Response R R?, N... N_.. N Term Coefficient SE 95% Cl

D 0.12 0.41 178 19 12 CO, level 0.074 0.097 (-0.115,0.264)
N level 0.183 0111 (-0.036,0.401)
CO,xN -0.011 0.060 (-0.129,0.106)
Leaf surface 0.248 0.060 (0.131,0.365)

L 0.08 0.38 178 19 13 CO, level -0.105 0.097 (-0.295, 0.084)
N level 0.124 0.103 (-0.078,0.326)
CO,xN -0.156 0.203 (-0.554,0.242)
Leaf surface -0.001 0.033 (-0.067, 0.064)

[, 0.13 044 178 19 12 CO, level 0.048 0.079 (-0.106, 0.203)
N level 0.200 0117 (-0.030, 0.430)
CO,xN -0.023 0.080 (-0.180, 0.133)
Leaf surface 0.241 0.058 (0.127,0.354)

A 0.29 0.83 83 5 3 CO, level 0.547 0.104 (0.343,0.751)
N level 0.074 0.118 (-0.156, 0.305)
CO,xN —-0.001 0.061 (-0.121,0.118)

Notes: A_, light-saturated photosynthesis; g, . estimated maximal stomatal conductance; D, stomatal density; L, stomatal length. wa fixed effects only (margma\);Ri, fixed + random effects

(conditional); N, number of observations after data cleaning; N

obs’ eval’

calculated for each full model, were used to quantify how much of
the variation in the response was explained by fixed and random ef-
fects. We assessed residual normality using quantile-quantile plots.
All statistical analyses were performed using R 4.0.1 (R Foundation
for Statistical Computing, Vienna, Austria). We used functions
from the Ime4 and MuMIn libraries for mixed-effects modeling
and multi-model inference, respectively. Figures were generated us-
ing Prism 8.4.3 (GraphPad Software).

RESULTS

The greatest difference between abaxial and adaxial leaf surfaces
was in stomatal density (D). Mean D was 18% greater on adaxial
than on abaxial surfaces ( = 0.248; Fig. 1A, Table 1; Appendix S2),
which translated into maximal conductance (g ) likewise being
18% greater on adaxial surfaces (8 = 0.241). There were no iden-
tifiable differences in stomatal length (L) between leaf surfaces
(B =-0.001; Fig. 1B), nor was there evidence that CO, or N addition
had greater effects on one leaf surface versus the other ( < —0.02
for all interactions; Table 1). Therefore, the effects of eCO, and N
reported below are not separated by leaf surface.

Changes in D were primarily driven by N_, with mean D in-
creasing by 20% under N addition (3 = 0. 183; Fig. 1A, Table 1;
Appendix S3). The 95% CI for this effect extended slightly past zero
(to —0.030), leaving open the possibility that there was no true ef-
fect. In contrast, the effect of eCO, on D (12% increase) was clearly
weaker than that of N (B = 0.074) and far less well-substantiated
(Table 1). There was also no evidence of an interaction between N__
and eCO, on D (8 =-0.011).

Treatment effects on L were smaller than those on D (Fig. 1B);
under N_ , the sample mean for L increased by 4%, and there was
only modest evidence of a minor effect (8 = 0.124; Table 1; Appendix
$3). Also, the effect of eCO, was negligible (0.44%; 8 = —0.105).
Although the estimated size of the interaction effect was the largest
of the three (8 = —0.156; Table 1), the CI was too large to conclude
that the effect was non-zero.

Treatment-induced changes in g were similar to those in D
(Fig. 2A, Table 1; Appendix S3). Under N_ , mean g, increased by

total number of models evaluated; N, number of models included in averaging (those with AAICc < 6).
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FIGURE 1. Influence of elevated CO, (eCO,) and porewater N enrich-

ment (Nem) on Phragmites australis stomatal characteristics (marginal
means + SE) in an open-top growth chamber experiment in Maryland,
USA. (A) Stomatal density, (B) stomatal length. See Table 1 and Appendix

S3 for statistical results.
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of Phragmites australis to elevated CO, (eCO,) and porewater N enrichment
(N_). (A) Estimated maximal stomatal conductance (g, ), (B) rates of light-
saturated photosynthesis (A_). Plants were grown in an open-top growth
chamber experiment in Maryland, USA. g, is averaged across adaxial and
abaxial leaf surfaces. See Table 1 and Appendix S3 for statistical results.

25% with moderately strong evidence for the effect (8 = 0.200; Table
1). However, under eCO, the data only provided weak evidence and
the effect size was modest at best (13% increase; 3 = 0.048). The
combined effect of the global change factors (N, +eCO,)ong,
was similar to that of N_ alone (26% increase; Appendix $3), with
the standardized coeflicient not indicative of the treatments inter-
acting (8 = —0.023; Table 1).

Light-saturated photosynthetic rates (A_) increased markedly
(46%) in response to CO, enrichment (8 = 0.547; Fig. 2B, Table 1;
Appendix §3). There was insufficient evidence to conclude that N__
stimulated A_ (8 = 0.074; Table 1), though the sample mean in-
creased by 15%. In combination, eCO, + N_increased A by 59%.
Consistent with the additive nature of this response, there was little
evidence of an eCO, x N _interactionon A_ (8 =-0.001; Table 1).

Both g and eCO, had moderate to strong effects on A_
(B = 0.344 and 0.502, respectively; Fig. 3; Appendix S4). However,
confidence intervals were wide, indicating that effects could have
been larger or smaller than estimated. The data provided no evi-
dence that eCO, or N modified the slope of the relationship
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FIGURE 3. Relationship between estimated maximal stomatal conduc-
tance (g, ) and light-saturated photosynthesis rates (A_) of Phragmites
australis in an open-top chamber experiment (Maryland, USA). g, is
averaged across adaxial and abaxial leaf surfaces. Points depict chamber-
level marginal means (+ SE) in two sampling years, separated by CO,
level (ambient = white points and dashed line; eCO, = shaded points and
solid line) and N level (ambient = squares; N = triangles). See Appendix

S4 for a statistical evaluation of this relationship.

between ¢ and A_, as interaction terms were not present in the
set of models used for averaging (Appendix S4).

DISCUSSION

Elevated atmospheric CO, and nitrogen enrichment can enhance
photosynthesis and biomass production, alleviate osmotic stress,
and help coastal salt marshes keep pace with sea level rise (via
organic matter and sediment accretion; McKee and Rooth, 2008;
Cherry et al., 2009; Langley et al., 2009; Erickson et al., 2013).
Because P. australis has far stronger responses to eCO, and N_
than native marsh species in North America (Minchinton and
Bertness, 2003; Rickey and Anderson, 2004; Silliman and Bertness,
2004; Caplan et al., 2015), these global change factors are acceler-
ating its already widespread invasion and affording it considerable
ecosystem-scale effects (Mozdzer and Megonigal, 2012; Eller et al.,
2014; Mozdzer and Caplan, 2018). The present study helps to ex-
plain how invasive P. australis is able to achieve enhanced carbon
gain in response to these two key global change factors. First, it
shows that plastic shifts in stomatal features accompany increased
photosynthetic rates in P. australis under eCO, and N_ . Further, it
demonstrates that light-saturated photosynthesis (A_ ) in P. austra-
lis is more strongly influenced by eCO,, whereas maximal stomatal
conductance (g ) is more strongly influenced by N_ .

Elevated CO, strongly stimulated A_, (46%) but only modestly
increased g (13%), if at all. This change in A_ can be attributed
to well-established processes: atmospheric CO, enrichment
strengthens the CO, diffusion gradient across stomata, increasing
CO, influx without requiring an increase in leaf conductance. In re-
sponse, many plant species reduce stomatal density (and thusg_ )

wmax:

under eCO, to limit water loss while maintaining photosynthetic
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rates (Franks and Farquhar, 2007; Franks et al., 2009). However, we
found that invasive P. australis responded minimally to eCO, in ei-
ther stomatal density (D) or length (L), suggesting that it increased
its rates of carbon assimilation while maintaining similar rates of
water loss. It was not clear from our results whether P. australis ex-
perienced an increase in water-use efficiency under eCO_; the lack
of an eCO, interaction effect with ¢ in the A_ model likewise
provides little insight. A possible explanation for the lack of a shift
in stomatal density under eCO, (i.e., foregoing the opportunity to
reduce water loss) is that P. australis possesses complementary
physiological adaptations that allow it to maintain adequate stoma-
tal conductance even when faced with salinity-induced water stress
(Eller et al., 2017 and references within).

The responses of P. australis to N__were primarily morphological
rather than physiological (i.e., there were shifts in stomatal charac-
teristics rather than A_). N__induced P. australis to increase stoma-
tal density (+20%), which also appeared to translate into increases in
Somae (+25%). While g is influenced by both stomatal length and
density (Taylor et al., 2012), our results suggested that this N__effect
ong  was mainly driven by changes in stomatal density (+20%),
whereas N_ had little to no effect on length (+4%). Moreover, max-
imal conductance, g, is known to constrain operational stomatal
conductance, Zop (Drake et al,, 2013), so this N_ -induced increase
in g could be expected to enhance the carbon-intake capacity
of P. australis under N_ , especially given the positive relationship
betweeng  and A_. Surprisingly, however, we found no evidence
that N_influenced A_,, contrary to the results of a previous study
from the same site (Mozdzer and Caplan, 2018) that documented
a modest increase in A, under N_conditions (+17%). A possi-
bility raised by Mozdzer and Caplan (2018) is that salinity may di-
minish N_ -induced A stimulation. However, it is unclear from
the available data whether porewater salinity was particularly high
during our measurement periods (July 2013 and 2018) since we did
not measure salinity at the experimental P. australis stand. Still, our
results are consistent with Mozdzer and Caplan’s (2018) finding that
N, primarily induces morphological changes in P. australis.

We documented shifts in stomatal characteristics under eCO,
and N__that apparently afforded invasive P. australis substantially
greater rates of photosynthesis. eCO, more strongly influenced
photosynthesis (primarily by strengthening the CO, concentra-
tion gradient), while N more strongly influenced maximal sto-
matal conductance (primarily by increasing stomatal density).
These adjustments in leaf structure and function appear to be
key mechanisms underlying complementary morphological and
physiological responses of P. australis to important limiting re-
sources, helping to explain its invasion in N-enriched marshes and
portending what it may be capable of in an elevated CO, world.
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