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Abstract: Atmospheric CO, enrichment, which is caused to a large extent by anthropogenic activities,
is known to interfere with sediment microbial communities via plant rhizospheres. The present work
aimed to evaluate this interaction in Spartina maritima ((Curtis) Fernald.) rhizosediments, aiming
to depict the impacts of atmospheric CO, increase in the biogeochemical processes occurring in
the rhizosphere of this pioneer and highly abundant Mediterranean halophyte. For this purpose,
mesocosms trials were conducted, exposing salt marsh cores with S. maritima and its sediments
to 410 and 700 ppm of CO; while assessing rhizosediment extracellular enzymatic activities. An
evident increase in dehydrogenase activity was observed and directly linked to microbial activity,
indicating a priming effect in the rhizosphere community under increased CO,. Phosphatase showed
a marked increase in rhizosediments exposed to elevated CO,, denoting a higher requirement of
phosphate for maintaining higher biological activity rates. High sulphatase activity suggests a
possible S-limitation (microbial or plant) due to elevated CO;, probably due to higher sulphur needs
for protein synthesis, thus increasing the need to acquire more labile forms of sulphur. With this
need to acquire and synthesize amino acids, a marked decrease in protease activity was detected.
Most carbon-related enzymes suffered an increase under increased CO,. Overall, a shift in sediment
extracellular enzymatic activity could be observed upon CO, fertilization, mostly due to priming
effects and not due to changes in the quality of carbon substrates, as shown by the sediment stable
isotope signatures. The altered recycling activity of organic C, N, and P compounds may lead to
an unbalance of these biogeochemical cycles, shifting the rhizosphere ecosystem function, with
inevitable changes in the ecosystem services level.

Keywords: extracellular enzymatic activities; rhizosphere; stable isotope analysis; salt marsh

1. Introduction

The increasing anthropogenic activities initiated with the onset of industrial activities
have increased atmospheric CO, concentration from 280 ppm to 369 ppm [1], and recent
projections from the Intergovernmental Panel for Climate Change (IPPC) point out an
increase to approximately 700 ppm in 2100 [2]. Several studies, mostly focusing on crops,
have recognized the fertilization potential of elevated CO; to increase productivity in
terrestrial ecosystems [3-5]. Although there is still some controversy, for some plants,
it seems that elevated CO, will increase net primary productivity, mainly by increasing
belowground carbon allocation [6]; however, in other already highly efficient plants, such
as C4 plants, this atmospheric CO, increase can have negative effects [7]. Although some
reports point out changes in the plant C:N ratio when exposed to high CO, concentrations
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due to an increase in starch content and reduction in N-compounds [8], leaf litter chemistry
did not show changes under elevated CO; [9]. Therefore, the predicted effects of high CO,
concentrations on soils will probably be due to interactions between root and microbial
communities, rather than by differences in plant litter chemistry [10].

Salt marshes are very important areas in terms of estuarine biodiversity, with elevated
primary production, supporting a large number of habitats such as feeding areas, shelters,
nurseries, matting and reproduction sites, and migration points [11-14]. Halophyte species
as well as the microorganisms inhabiting its rhizosphere appear as key players in estuarine
biogeochemical cycling [15-18]. Although dwelling in an adverse saline environment and
potentially anoxic salt marsh sediments, these microbial communities (including bacteria
and fungi) are stimulated by the aerobic environment created in the halophyte rhizosphere
through oxygen pumping from the atmosphere [19-21]. These communities have an es-
sential role in nutrient regeneration and organic matter decomposition [22]. Salt marshes
located at estuaries frequently receive large inputs of nutrients [23,24] and also particulate
and dissolved organic matter. The large amounts of particulate organic matter that enter
the salt marsh during tidal flooding [23] settle in the sediments, where they may be buried
and serve as a substrate for decomposition processes. Additionally, carbon rhizodeposition
is also known to alter rhizospheric activity and communities [25]. Plant and microbial-
mediated mechanisms play a key role in these mineralization processes [26]. This large
spectrum of intervention in sediment biogeochemistry makes sediment extracellular enzy-
matic (from both plant and microbial origin) activity a very important mechanism to be
considered in terms of ecosystem health [15,27]. Recent studies have suggested that marsh
vegetation allocates biomass according to resource availability and capture, linking produc-
tivity to sediment mineralization and nutrient recycling processes [13,17,18]. This direct
relationship between sediment microbial communities and halophytes reinforces the im-
portance of considering high CO,-driven changes in primary production. Several enzymes
exert their extracellular activity in soils and sediments, playing key roles in the mineral-
ization of organic compounds and the fertility of soils. Peroxidases and phenol oxidase
are oxidoreductases that oxidize organic matter and phenolic compounds and polymers;
acid phosphatase hydrolyzes organic phosphorous molecules into phosphate compounds;
-glucosidase cleaves complex carbohydrates to yield glucose; N-acetylglucosaminidase
catalyses the hydrolysis of terminal non-reducing N-acetyl-D-glucosamine residues into
glucose; sulfatase catalyzes the hydrolysis of sulfate esters into sulphates; protease breaks
the peptide bonds of proteins, releasing smaller peptides and amino acids; urease promotes
the catalytic hydrolysis of urea to ammonia and carbon dioxide [28].

Changes in primary production in these estuarine ecosystems will have inevitable
consequences, not only in the salt marsh community itself but also in the adjacent areas [10].
About 30-60% of the net photosynthetic C is allocated in the root system, from which
about 40-90% enters the sediments through rhizodeposition [13,21,29,30]. Previous studies
have shown that, under increased atmospheric temperature, salt marsh sediments act
as a counteractive measure, reducing the amount of respired CO, input towards the
atmosphere [31]. In flooded sediments, root-derived DOC may serve as a C source to the
microbial community, stimulating its activity [1,17,18,32].

Extracellular enzymatic activities (EEAs) have acquired a very important role as tools
for salt marsh biogeochemical function evaluation [15-18,27]. These molecules can be
excreted by microorganisms (bacteria and fungi mostly) or by plant roots to decompose
large molecules in order to be easily uptaken [17]. Extracellular enzymes act as proxies
of organic matter decomposition agents, and their key activities are directly linked to the
mineralization of complex organic molecules of carbon, nitrogen, phosphorous, and sulphur
into nutrient forms that are easily uptaken by the primary producers [16,18,33]. Altogether,
these EEAs can provide very good insights into the plant and microbial community demand
for carbon, nitrogen, and phosphorous [18,34].

Rhizosphere feedback to increasing CO; levels in terrestrial environments has been
widely studied. However, in terms of structure and community function in aquatic envi-
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ronments [35], its effects are almost unknown, especially in terms of wetlands. Although
several papers [36—40] have already focused on the effects of atmospheric CO; increase and
soil microbial communities and extracellular activities, this work acquires reinforced im-
portance when considering the key role of Spartina maritima in European salt marshes. This
species has a pioneer character that is essential for marsh establishment and succession [41],
as well as having a recognized role in nutrient [42] and contaminant biogeochemistry [16,43],
being a key player in the recycling service of the salt marshes where it is present. Con-
sidering this, in the present study, the impacts of the predicted increase in atmospheric
CO, on S. maritima (a widespread halophyte on European shores) rhizosediment EEAs
are investigated, as well as the effects on salt marsh biogeochemical functions. With this
approach, we aim to depict the potential effects of this ongoing atmospheric change in
the belowground biogeochemical cycles and its potential shifts, which are essential for the
maintenance and functioning of the estuarine ecosystem.

2. Materials and Methods
2.1. Study Area, Sampling, and Mesocosms Setup

Sediment cores were sampled in the Tagus estuary Roséario salt marshes (Portugal)
during the summer. Rosério (38°40" N, 9°01’ W) is a mature salt marsh [44] located in
the southern part of the Tagus estuary, namely, in the vicinity of various urbanized and
industrialized zones. The upper marsh is mainly colonized by Halimione portulacoides
(Chenopodiaceae) and Sarcocornia fruticosa (Chenopodiaceae) and undergoes short sub-
mersion episodes during high tide [45]. Spartina maritima (Curt.) Fernald is a herbaceous
perennial plant that colonizes estuarine intertidal mudflats and is distributed throughout
the coasts of western, southern, and south-eastern Europe, as well as in western Africa [46].
It is one of the most common halophytes colonizing salt marshes in the Tagus estuary, occu-
pying approximately 2.41 km? from a total of 17.24 km? of salt marsh area [45]. Sampling
occurred at the end of the halophyte growing season, when, according to previous studies
in the same salt marsh, the microbial community is more active [16,17].

Ten sediment cores were collected in S. maritima pure stands (each core containing
one S. maritima shoot; the inter-core plant biomass was as similar as possible) using a
Plexiglass core (& = 8 cm; 30 cm height). Each sediment core was 15 cm in depth. The in
situ air temperatures and Photosynthetic Active Radiation (PAR) were recorded to allow
an accurate replication of the environmental characteristics in the mesocosms trials. All
samples were taken to the laboratory within 1 h. At the laboratory, cores were sealed with
a Plexiglass lid and a rubber stopper to prevent gas exchange and placed in a Fytoscope
130 RGBIR (Photon System Instruments, Czech Republic). The chamber was programmed
to replicate the average field air temperatures (25 £ 2 °C), relative humidity (50 £ 2%),
and PAR evolution along the day (16 h light/8 h dark sine function with a maximum
PAR of 500 pumol photons m~2 s~ 1), considering the light attenuation inside the core. The
experiment lasted for 30 days. The cores subjected to the CO; increase were connected
to the chamber through specially designed connectors on their lid (Figure 1). A CO, gas
bottle was connected to a gas mixing unit (Waltz, Germany), mixing pure CO, (Linde,
Hollriegelskreuth, Germany) into CO,-free atmospheric air (passed over soda lime) at the
desired concentrations and flow rates. This kept the reaming atmospheric characteristics
intact while manipulating atmospheric CO; concentration. An Infra-red Gas Analyser (Li-
COR) was connected at the outlet of the gas mixing unit, performing continuous measures
of CO; and relative humidity of the air injected inside the cores. Five cores were connected
to the chamber inlet, receiving CO,-enriched air, while the other five were maintained in
the same condition but with a normal atmosphere. Control sediment cores were connected
to the same apparatus, albeit without CO, supplementation. At the end of 30 days, cores
were sacrificed and the plant rhizosediment was collected. For this sediment, cores were
sliced open, and only the rhizospheric sediment attached to the plant root system was
collected into storing flasks. For all analyses, 5 sediment samples were considered in each
treatment group. All analyses were carried out in sediment samples with a depth of 5-8 cm
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due to the high influence of the root system in this range of depth [16,17]. All subsamples
for the different analyses were frozen (except for dehydrogenase activity samples) and
immediately stored at —20 °C. Atmospheric CO, levels were defined in order to mimic
present-day (400 ppm) and future plausible average atmospheric enrichment (700 ppm) [47].

]
IrGA Gas M.ixing
Unit
M M COZ
- bottle

Fytoscope Chamber

Figure 1. Schematics of the CO; enrichment incubation system, consisting of a gas mixing unit
regulated using an Infra-red Gas Analyser (IrGA) connected to a CO; bottle and a soda lime cylinder
to remove any ambient CO,, precisely recording the CO; levels in the mesocosms.

2.2. Sediment Physicochemical Characterization

Sediment relative water content (RWC) was determined by drying sediment samples
at 60 °C until reaching a constant weight. The pore water salinity was measured with a
hand refractometer after pore water extraction using centrifugation at 14,000 g for 15 min
at 4 °C. Organic matter was determined using the loss on ignition (LOI) method by burning
1 g of air-dried pulverized sediment at 600 °C for 2 h [17]. Sediment pH was measured
using an HANNA pH/mV (HI 9025) electrode directly in the sediment. The pH calibration
was performed using buffer solutions of pH 4 and pH 7.

2.3. Total Carbon and Nitrogen Content and Stable Isotope Analysis

The carbon and nitrogen isotopic composition of the ground sediment samples was de-
termined using a Flash EA 1112 Series elemental analyser coupled online via the Finningan
conflo III interface to a Thermo delta V S mass spectrometer. All samples were previously
inspected for any plant, animal, or organic debris before analysis, with all potential de-
bris being removed. The carbon and nitrogen isotope ratios were expressed in delta (5)
notation, defined as the parts per thousand (%) deviation from a standard material (PDB
limestone for $'3C and N in the air for §1°N) using the following formula: §!*C or §!°N =
[(Rsample/ Retandara) — 11 X 10%, where R is *C/2C or N/N. The analytical precision
for the measurement was 0.2%o for both isotopes. Carbon and nitrogen contents (%) were
determined simultaneously using the same procedure.

2.4. Dehydrogenase and Extracellular Enzymatic Activities (EEAs)

All enzymatic determinations were carried out with colourimetric methods, and the
absorbance was read on an Absorbance Microplate Reader (SPECTRA Rainbow, TECAN).
The use of microplates allowed us to perform three readings (analysis replicates) of the same
sample replicates, resulting in a total of 15 replicate readings. In all sediment sub-samples,
for each enzyme analysis, the roots were sorted using tweezers prior to the enzymatic
assays. All extracellular enzymatic analyses were carried out within a week after storage.

Dehydrogenase activity (DH) was determined using the 2,3,5-Triphenyltetrazolium
chloride (TTC) method according to [48] immediately after sampling. Briefly, approximately
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5 g of frozen sediment was incubated with 5 mL of TTC solution (1%). Samples without
the substrate were also prepared with a 5 mL Tris-HCl buffer (100 mM) instead of the TTC
solution. Incubation was conducted at 30 °C for 24 h. After incubation, 40 mL of acetone
was added to each tube and shaken. The tubes were kept in the dark for 2 h and centrifuged
at 14,000 g for 15 min at 4 °C. The clear supernatant absorbance was read on a TECAN
Absorbance Microplate Reader (SPECTRA Rainbow) at 546 nm. Before assay sediments
were warmed at room temperature and mixed in the respective assay buffer.

For urease activity (UA) determination, all labware was soaked for two days in HCl
(10%) and rinsed with distilled water to avoid ammonia contaminations. Urease activity
was assayed according to [49]. Briefly, approximately 2 g of sediment was incubated with
3.75 mL of citrate buffer (50 mM, pH 6.7) and 5 mL of urea 10% (w/v). Samples without the
substrate were also prepared to subtract the citrate-extractable ammonia. The incubation
was conducted at 37 °C for 3 h. After this period, the samples were centrifuged at 4000x g
for 15 min at 4 °C. One ml of supernatant was diluted to a final volume of 10 mL with
distilled water. This solution was used for ammonia determination using the indophenol-
blue method [50]. Ammonia concentrations were read at 630 nm and urease activity was
expressed as pmol NHy formed per gram of sediment fresh weight per hour.

Phenol oxidase (FOX), peroxidase (POX), N-acetylglucosaminidase (NACET), phos-
phatase (PHOS), b-glucosidase (GLUC), and sulfatase (SULF) were assayed according
to [51] with minor modifications as previously described [17,18]. Briefly, 75 mL of sodium
acetate buffer (pH 5) was added to 5 g of fresh sediment and mixed for 1 min to obtain the
sediment slurry. The substrates (5 mM) used were p-nitrophenyl-N-acetyl-d-glucosaminide,
p-nitrophenyl-phosphate, p-nitrophenyl-glucoside, and p-nitrophenyl-sulphate, respec-
tively, for N-acetylglucosaminidase, phosphatase, b-glucosidase, and sulfatase. Two millil-
itres of each substrate were added to 2 mL of slurry and incubated at 30 °C with gentle
agitation for 30 min (phosphatase), 60 min (sulfatase and b-glucosidase), and 2 h (N-
acetylglucosaminidase). After incubation, samples were centrifuged at 6.530x g for 15 min
at4°C, and 0.2 mL of 1 N NaOH was added to stop the reaction and reveal the p-nitrophenol
(pNP) formed. The absorbance of the supernatant was read at 410 nm. The activity was
expressed as mg of pNP released per gram sediment dry weight per hour. Phenol oxidase
and peroxidase were assayed using 5 mM L-DOPA (1-3,4-dihydroxyphenylalanine) as a
substrate. Two millilitres were added to 2 mL of slurry (adding 0.1 mL of 0.3% H,O, for
peroxidase assay) and were incubated for 60 min for both enzymes. After incubation, sam-
ples were centrifuged at 6.530 x g for 15 min at 4 °C. The absorbance of the supernatant was
read at 460 nm, and the absorbance of phenol oxidase was subtracted from the absorbance
of total peroxidase to obtain the real value for peroxidase activity alone. The activity is
expressed as mmol L-DOPA oxidized per gram sediment dry weight per hour.

Protease activity was assayed according to [52]. Briefly, 1 g of fresh sediments was
incubated with 5 mL of Tris (Trishydroxymethyl-aminomethane) buffer (0.05 M, pH 8.1)
and a 2% (w/v) casein solution for 2 h at 50 °C. After incubation, the reaction was stopped
with 1 mL of trichloroacetic acid, 17.5% (w/v), and centrifuged at 14.690 x g for 15 min at
4 °C. For photometric analysis, 1 mL of supernatant was added to 1 mL of Folin-Ciocalteu’s
phenol reagent (0.2 N) and 2.5 mL alkali reagent and left to stand for 90 min. The colour
developed was measured at 700 nm and compared with a calibration curve for tyrosine.
The activity was expressed as g tyrosine equivalents per gram of sediment dry weight per
hour.

2.5. Statistical Analysis

All statistical analyses were computed in R-studio (2021.09.0 Build 351). Differences
among treatments were evaluated through Kruskal-Wallis tests, performed using the
‘ggsignif” package. Principal Component Analysis was performed using the ‘ggfortify’
package. Spearman correlations were attained using the ‘corrplot’ package. A statistical
significance level of p < 0.05 was considered in all tests.
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1. RWC (%)

3. Results
3.1. Physic-Chemical Sediment Characteristics and Stable Isotope Signatures

Spartina maritima sediments exposed to enriched CO; air showed significant decreases
in their pH and total carbon (TC) content (Figure 2). On the other hand, rhizosediment redox
potential (Eh) showed a significant increase in the rhizosediments exposed to 700 ppm COs,.
Relative water (RWC) and organic matter content (LOI), as well as total nitrogen (TN), were
not disturbed by increased atmospheric CO,.

2.LOI (%) 3.pH
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40+

[ 1 1
16
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5.TC (%) 6. TN (%)

2201
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0.8

0.6

0.4
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Figure 2. Rhizosediment physic-chemical [relative water content (RWC), organic matter as loss on
ignition (LOI), pH, redox potential (Eh) and total carbon (TC), and nitrogen (TN)] characteristics at
the end of the exposure trial to 410 and 700 ppm atmospheric CO, (values are given as mean and
standard deviation of 5 replicates per species). Significant differences between seasons’ sites are
represented by asterisks (Kruskal-Wallis test * p < 0.05, ** p < 0.01).

Sediment-stable isotope signatures were also not affected by atmospheric CO; enrich-
ment, with only a slight reduction in the d'°N signature (Figure 3).

When analysing the rhizosediment whole physic-chemical profile in a multivariate
analysis (Figure 4), it is possible to observe that the sediments exposed to the two tested
atmospheric CO; concentrations are organized in two separate clusters, with the sediments
exposed to 410 ppm CO, being associated with higher pH and total carbon (TC) values. On
the other hand, the cluster formed by the physic-chemical traits of the sediments exposed
to enriched CO, is more associated with higher redox potential (Eh) and total nitrogen
(TN).
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700 ppm

s °C

Figure 3. Carbon (d'3C) and nitrogen (d'°N) stable isotope signature of the rhizosediments exposed
to 410 and 700 ppm atmospheric CO; (average =+ standard deviation, N = 5 replicates per treatment).

°
°

- CO>

[=] 410
&7 700

PC2 (42.1%)

06 0.4 02 0.0 02 0.4
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Figure 4. Principal Component Analysis (PCA) of the physic-chemical traits [relative water content
(RWCQ), organic matter as loss on ignition (LOI), pH, redox potential (Eh) and total carbon (TC),
and nitrogen (TN)] of the rhizosediments exposed to 410 and 700 ppm atmospheric CO;. Shaded
polygons represent the area covered by a group of dispersed points that is delimited by its furthest
points.
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DH

3.2. Microbial Enzymatic Activities

Upon evaluating the rhizosediment dehydrogenase activity, it is possible to observe a
highly significant increase in this enzyme activity in S. maritima rhizosediments exposed to
an enriched CO, atmosphere (Figure 5). This increase in dehydrogenase was accompanied
by an increase in b-glucosidase, phosphatase, peroxidase, and sulfatase activities. On the
other hand, phenol oxidase, protease, and urease showed a significant decrease in their
activities in the rhizosediments exposed to 700 ppm atmospheric CO,.
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0.754

0.50 1
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Figure 5. Extracellular Enzymatic Activities (EEAs) (DH, dehydrogenase; POX, peroxidase; FOX,
phenol oxidase; PHOS, acid phosphatase; GLUC, b-glucosidase; NACET, N-acetylglucosaminidase;
SULF, sulfatase; PROT, protease; URE, urease) of the rhizosediments exposed to 410 and 700 ppm
atmospheric CO, (values are given as mean and standard deviation of 5 replicates per species).
Significant differences between treatments are represented by asterisks (Kruskal-Wallis test, followed
by posterior multiple comparisons, * p < 0.05, ** p < 0.01).

This differential enzymatic profile leads to the multivariate clustering of the two
sample groups evaluated in the present study (Figure 6). The first component of the PCA
generated by the rhizosediments enzymatic activities has a higher explanatory power
(69.43%) and is responsible for the separation of the two sample clusters. Sediment samples
exposed to present-day atmospheric CO, levels appear to be associated with high protease
and phenol oxidase activities, while the sediment samples exposed to enriched CO, atmo-
sphere appear highly associated with dehydrogenase, phosphatase, peroxidase, sulfatase,
and b-glucosidase.
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When comparing the results attained for the sediment physic-chemical environment
and enzymatic activities, together with the degree of atmospheric CO, enrichment, several
significant relationships can be observed (Figure 7). Atmospheric CO;, concentration
showed a positive significant correlation with sediment redox potential (Eh), peroxidase,
b-glucosidase, phosphatase, N-acetylglucosaminidase, and sulfatase activities. On the other
hand, sediment pH, total carbon, protease, urease, and phenol oxidase activities showed an
inverse significant trend with the concentration of atmospheric CO;, to which the sediment
cores were subjected. Interestingly, the sediment relative water content (RWC) and organic
matter (LOI) did not show any significant correlation with any of the enzymatic activities
evaluated. Regarding the enzymatic activities, almost all showed significantly direct or
inverse correlations between them.

025

[=] 410
Le] 700

PC2 (12.1%)

o
=4
S
|
|
|

0.00
PC1 (69.43%)

Figure 6. Principal Component Analysis (PCA) of the Extracellular Enzymatic Activities (EEAs)
(DH, dehydrogenase; POX, peroxidase; FOX, phenol oxidase; PHOS, acid phosphatase; GLUC, b-
glucosidase; NACET, N-acetylglucosaminidase; SULF, sulfatase; PROT, protease; URE, urease) of the
rhizosediments exposed to 410 and 700 ppm atmospheric CO,. Shaded polygons represent the area
covered by a group of dispersed points delimited by its furthest points.
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Figure 7. Spearman correlation coefficients: (p) correlograms, between the sediment Extracellular
Enzymatic Activities (EEAs) DH, dehydrogenase; POX, peroxidase; FOX, phenol oxidase; PHO, acid
phosphatase; GLU, b-glucosidase; NACET, N-acetylglucosaminidase; SULF, sulfatase; PROT, protease;
URE, urease) and physic-chemical traits (RWC, relative water content; pH; redox potential, Eh; LOI,

-1

organic matter content; TC, total carbon content; TN, total nitrogen content) of the rhizosediments
exposed to 410 and 700 ppm atmospheric CO,. Significant correlation coefficients are represented by
asterisks (** p < 0.01, *** p < 0.001).

4. Discussion

Increased atmospheric CO; led to significant changes not only in the sediment physic-
chemical characteristics, but also in the abundance of microorganisms and activity of C-, N-,
P-, and S-linked extracellular enzymes in S. maritima rhizosphere, having potential impacts
on the biogeochemistry of salt marsh environments. In the last years, several studies
have addressed the effects of elevated CO, on plant productivity and soil biota, focusing
mainly on terrestrial environments. Only more recently has this issue been addressed for
aquatic environments. Previous studies have suggested that marsh vegetation increases
root-driven DOC release under CO, fertilization [53], with a predicted enhancement of
organic matter decomposition through a positive priming effect [54]. Although inorganic
atmospheric carbon can also penetrate sediment into the rhizosphere, this DOC-driven
priming effect would result from an increase in sediment organic matter, driven by the
plant rhizodeposition of organic carbon forms, which can, in turn, stimulate sediment
organic matter decomposition [54]. Regarding sediment physic-chemical characteristics,
the studied enzymes only displayed significant relationships with the rhizosediment pH
and redox potential. Upon exposure to increased CO,, the analysed sediments displayed
a slight decrease in pH, probably due to the dissolution of CO, in the pore water in the
form of carbonic acid, as well as increased Eh through an increase in the oxygen input
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inherent to the increased CO, deposition. The majority of the analysed enzymes have
their optimum activity under acidic conditions, and thus a reduction in the sediment’s
pH promotes their activity [51]. Although there is no typical redox optimum recorded for
the enzymes studied, the increase in microbial biomass abundance (evaluated through
dehydrogenase) can be involved in the increase in several enzyme activities due to increased
enzyme production by a higher number of potential producers [31]. Nevertheless, the redox
conditions of the rhizosphere are known to affect some enzyme activities such as those
dependent on oxygen or produced by organisms with a redox optimum [17]. Moreover,
some enzymes also produce CO, as a by-product of their reaction (such as urease); thus,
enzyme inhibition can occur due to negative feedback from product accumulation [17]. In
addition, an increase in DOC concentrations can also lead to an enhancement of the activity
of several extracellular enzymatic activities and, subsequently, nutrient mineralization [55].
Generally, rhizospheres accumulate higher labile carbon amounts than bulk sediments due
to photosynthesis products (including extracellular enzymes) released through exudation
into the rhizosphere [10,56]. Beyond the potentially enhanced production of extracellular
enzymes by the plant, this DOC increase in the rhizosphere additionally enhances microbial
activities, breaking the typical C limitation [10]. Another key factor in regulating sediment
carbon pools under elevated CO, is nitrogen concentration. N-limited systems have no
observable activity increase under elevated CO, conditions [57].

Regarding our results, in the present study, there was an evident increase in dehydro-
genase activity, which is directly linked to microbial respiratory activity, demonstrating
a priming effect of the elevated CO; in the rhizosphere community. Dehydrogenase is a
respiratory measurement that integrates microbial populations’ size and activity, as well
as the substrate C supply to microbial respiratory chains [58]. Simultaneously, it could
be observed that the type of organic matter, here evaluated by its isotopic signature, did
not change substantially, indicating the maintenance of the chemical composition of the
organic molecules introduced into the rhizosphere. If both sediment carbon and dehydro-
genase activity are analysed, it is possible to infer that the increase in this enzyme activity,
and, concomitantly, the microbial respiratory activity and abundance, comes at the cost of
sediment carbon, with a marked reduction in this pool as dehydrogenase activity increases.
Although these effects are markedly observable in the abundance and respiratory activity
of the microorganisms inhabiting the halophyte rhizosphere, their ecosystem functions also
suffered shifts, as observed by their extracellular enzymatic profiles.

Unlike some carbon and nitrogen enzymes, phosphatase showed a marked increase
in the rhizosediments exposed to elevated CO,, pointing out an enhancement of the in-
organic phosphate amounts growing at higher rates [1]. This was already reported for
several other ecosystems like Sphagnum-dominated wetlands [1], tundra [59], Mediter-
ranean ecosystems [60], and grasslands [61]. This is in agreement with another mechanism
of CO, interference in rhizosphere activity. Increased concentrations of easily usable
carbon sources, like monosaccharides, may inhibit some carbon-related enzymes (e.g., 3-
glucosidase), while other enzyme activities (e.g., phosphatase) may be increased to relieve
the limitation by other nutrients [6,59,62]. Furthermore, actively growing vegetation under
high atmospheric CO, can compete with microbes for organic nutrients, resulting in the
altered exudation of extracellular enzymes from the plant and an activity decrease in some
functional microbial groups [63]. Nevertheless, in the present study, 3-glucosidase activity
was not impaired; in fact, it was increased, suggesting that carbon remained as a limiting
factor, probably due to the higher increase in other enzymatic activities, increasing carbon
demand [6,59,62].

Sulphatase also showed a marked increase under high CO,. Sulphur is an essential
component of several amino acids, like cysteine and methionine, in both plants and mi-
croorganisms. The high activity of this enzyme suggests a possible S-limitation as a result
of CO;, fertilization [36]. The increase in microbial biomass and/or activity (as suggested
by its proxy, dehydrogenase) increases the requirements in sulphur for protein synthesis;
thus, there is a need to acquire more labile sulphur forms, like S04~ [36]. Concomitant
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with this need to acquire and synthesize amino acids, there was also a marked decrease in
protease activity. This is in agreement with the conclusions drawn from dehydrogenase
activity, suggesting that there are no signs of N-limitation since N-linked enzymes (such as
urease and protease) all showed activity decreases under elevated CO, conditions [36,64].
Urease-mediated reactions lead to the production of NH4 and CO; from urea hydroly-
sis [49]. In this case, an inhibitory effect could have been driven by excessive reaction
product accumulation (CO;) in the medium, throughout a negative feedback process [64],
and subsequently impairing urease activity. This is in agreement with the hypothesis
provided by previous authors [65], highlighting not a local response from the plant or the
sediments, but concerted feedback from the plant-sediment system. This is highly evident
if the enzymatic activity correlations are observed.

Analyzing the sediment enzymatic profile as a whole, almost all enzymes present
significant correlations with each other, revealing their intricated functioning. Overall, a
shift in rhizosphere activity and microbial abundance (the latter inferred from the dehydro-
genase data) could be observed upon CO; fertilization, mostly due to the priming effects of
plant-driven DOC rhizodeposition stimulating plant and microbial activity, and not due
to the variations in the quality of the carbon substrates, as could be expected. Allied to
possible plant physiological effects from atmospheric CO, enrichment [7], this shift in the
rhizosphere functional profiles will have inevitable impacts on plant nutrition and the over-
all biogeochemistry of the estuarine ecosystem due to, e.g., reduced protein and recalcitrant
phenolic compound decomposition resulting from reduced protease and phenol oxidase
activity [16,17]. In terms of the effects on the vegetation, these shifts in terms of nutrient
recycling will have significant effects not only on the plant cover’s primary productivity
but also on its role as a key player in the estuarine biogeochemical cycling and in vegeta-
tion dynamics as pioneer species. Being a C4 species (S. maritima), its fast photosynthetic
metabolism leads to a high demand for nutrients to keep pace with carbon harvesting and
biomass production at high rates [7,66]. Although S and P recycling activity showed an
increase in S. maritima rhizosediments under high CO; scenarios, a significant reduction
in N-linked enzymatic activities was also observed, leading to a potential reduction in N
mineralization and inorganic forms of bioavailability. Previous studies have pointed out
that limited inorganic nitrogen, which is essential to build and maintain the leaf area, may
be factors that result in low productivity in Spartina species [67]. Moreover, N is a key
nutrient to produce osmocompatible solutes, which are essential for plants to cope with
salinity fluctuations and maintain their osmotic balance—one of the key drivers of stress in
salt marsh environments [66,68]. Thus, this altered biogeochemical environment promoted
by increased atmospheric CO; will have significant effects on the plants’ physiological
performance and biomass production. Because this is a pioneer species that is essential for
salt marsh colonization and vegetation dynamics, this will have inevitable impacts at the
salt marsh ecosystem level and on the estuarine environment.

5. Conclusions

Plants and sediment microorganisms are known to be affected by elevated CO, concen-
trations due to their interactions with plants, especially in their rhizosphere. High carbon
supply from plants, resulting from CO; increase, shifts rhizosphere activities, whether
decreasing or enhancing them. The increase in rhizosphere activity due to atmospheric CO,
enrichment comes at the cost of the sediment carbon pool. Simultaneous with an increase
in the S and P recycling activity and carbon demand, N recycling was severely impaired.
Thus, the major biogeochemical cycles (C, N, P, and S) are severely affected by atmospheric
CO; enrichment, leading to important shifts in the salt marsh biogeochemical functioning
and ecosystem services provided, particularly at the nutrient and organic matter recycling
level, affecting the supply to the primary producers, not only of the marsh but the whole
estuarine system. These functional shifts suggest potential significant changes in the rhizo-
spheric communities not only in terms of enzymatic profiles but also possibly in terms of
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the abundance and diversity of microorganisms and genes that should be targeted as part
of thorough studies in the future.

Author Contributions: Conceptualization, B.D.; methodology, B.D.; investigation, B.D. and A.B,;
resources, I.C.; writing—original draft preparation, B.D.; writing—review and editing, A.B., I.C. and
J.C.M.; project administration, I.C.; funding acquisition, I.C. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors would like to thank Fundacao para a Ciéncia e a Tecnologia (FCT) for funding
MARE—Marine and Environmental Sciences Centre (UIDB/04292 /2020 and UIDP /04292 /2020)
and ARNET—Aquatic Research Network Associated Laboratory (LA /P/0069/2020). Work was also
funded by the MAR2020 program via Project RESTAURA2020 (16-01-04-FMP-0014). B. Duarte was
supported by an investigation contract (2022.01746.CEECIND).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Datas are available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kang, H.; Kim, S.-Y.; Fenner, N.; Freeman, C. Shifts of Soil Enzyme Activities in Wetlands Exposed to Elevated CO,. Sci. Total
Environ. 2005, 337, 207-212. [CrossRef] [PubMed]

2. Masson-Delmotte, V.; Zhai, P,; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.; Caud, N.; Goldfarb, L.; Gomis, M.L; Huang, M.; et al.
IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021.

3. Ainsworth, E.A ; Long, S.P. What Have We Learned from 15 Years of Free-Air CO, Enrichment (FACE)? A Meta-Analytic Review
of the Responses of Photosynthesis, Canopy Properties and Plant Production to Rising CO,. New Phytol. 2005, 165, 351-372.
[CrossRef]

4. Baxter, R.; Gantley, M.; Ashenden, T.W,; Farrar, ].F. Effects of Elevated Carbon Dioxide on Three Grass Species from Montane
Pasture II. Nutrient Uptake, Allocation and Efficiency of Use. J. Exp. Bot. 1994, 45, 1267-1278. [CrossRef]

5. Hunt, R; Hand, D.W,; Hannah, M. A ; Neal, A.M. Response to CO;, Enrichment in 27 Herbaceous Species. Funct. Ecol. 1991, 5,
410-421. [CrossRef]

6. Kang, H.; Freeman, C.; Ashendon, T.W. Effects of Elevated CO, on Fen Peat Biogeochemistry. Sci. Total Environ. 2001, 279, 45-50.
[CrossRef] [PubMed]

7. Duarte, B,; Santos, D.; Silva, H.; Marques, J.C.; Cacador, I. Photochemical and Biophysical Feedbacks of C3 and C4 Mediterranean
Halophytes to Atmospheric CO;, Enrichment Confirmed by Their Stable Isotope Signatures. Plant Physiol. Biochem. 2014, 80,
10-22. [CrossRef] [PubMed]

8. Cotrufo, M.F,; Ineson, P; Scott, A. Elevated CO, Reduces the Nitrogen Concentration of Plant Tissues. Glob. Chang. Biol. 1998, 4,
43-54. [CrossRef]

9. Hirschel, G.; Korner, C.; Arnone, J.A., III. Will Rising Atmospheric CO, Affect Leaf Litter Quality and in Situ Decomposition
Rates in Native Plant Communities? Oecologia 1997, 110, 387-392. [CrossRef]

10. Jung, S.-H.; Lee, S.-H.; Park, S.-S.; Kang, H.-J. Effects of Elevated CO, on Organic Matter Decomposition Capacities and
Community Structure of Sulfate-Reducing Bacteria in Salt Marsh Sediment. J. Ecol. Environ. 2010, 33, 261-270. [CrossRef]

11. Cacador, I; Costa, ]J.L.; Duarte, B.; Silva, G.; Medeiros, J.P.; Azeda, C.; Castro, N.; Freitas, J.; Pedro, S.; Almeida, PR.; et al.
Macroinvertebrates and Fishes as Biomonitors of Heavy Metal Concentration in the Seixal Bay (Tagus Estuary): Which Species
Perform Better? Ecol. Indic. 2012, 19, 184-190. [CrossRef]

12. Cagador, I.; Caetano, M.; Duarte, B.; Vale, C. Stock and Losses of Trace Metals from Salt Marsh Plants. Mar. Environ. Res. 2009, 67,
75-82. [CrossRef] [PubMed]

13.  Duarte, B.; Carreiras, J.; Cagador, I. Climate Change Impacts on Salt Marsh Blue Carbon, Nitrogen and Phosphorous Stocks and
Ecosystem Services. Appl. Sci. 2021, 11, 1969. [CrossRef]

14. Teixeira, A.; Duarte, B.; Cacador, I. Salt Marshes and Biodiversity. In Sabkha Ecosystems: Volume IV: Cash Crop Halophyte and
Biodiversity Conservation; Khan, M.A., Boer, B., Oztiirk, M., Al Abdessalaam, T.Z., Cliisener-Godt, M., Gul, B., Eds.; Tasks for
Vegetation Science; Springer: Dordrecht, The Netherlands, 2014; Volume 47, pp. 283-298, ISBN 978-94-007-7410-0.

15. Duarte, B.; Freitas, ].; Cagador, I. Sediment Microbial Activities and Physic-Chemistry as Progress Indicators of Salt Marsh
Restoration Processes. Ecol. Indic. 2012, 19, 231-239. [CrossRef]

16. Duarte, B.; Almeida, P.R.; Cacador, I. Spartina Maritima (Cordgrass) Rhizosediment Extracellular Enzymatic Activity and Its Role

in Organic Matter Decomposition Processes and Metal Speciation. Mar. Ecol. 2009, 30, 65-73. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2004.06.015
https://www.ncbi.nlm.nih.gov/pubmed/15626391
https://doi.org/10.1111/j.1469-8137.2004.01224.x
https://doi.org/10.1093/jxb/45.9.1267
https://doi.org/10.2307/2389813
https://doi.org/10.1016/S0048-9697(01)00724-0
https://www.ncbi.nlm.nih.gov/pubmed/11712604
https://doi.org/10.1016/j.plaphy.2014.03.016
https://www.ncbi.nlm.nih.gov/pubmed/24713121
https://doi.org/10.1046/j.1365-2486.1998.00101.x
https://doi.org/10.1007/s004420050173
https://doi.org/10.5141/JEFB.2010.33.3.261
https://doi.org/10.1016/j.ecolind.2011.09.007
https://doi.org/10.1016/j.marenvres.2008.11.004
https://www.ncbi.nlm.nih.gov/pubmed/19110308
https://doi.org/10.3390/app11041969
https://doi.org/10.1016/j.ecolind.2011.07.014
https://doi.org/10.1111/j.1439-0485.2009.00326.x

Water 2023, 15, 2667 14 of 15

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Duarte, B.; Reboreda, R.; Cacador, I. Seasonal Variation of Extracellular Enzymatic Activity (EEA) and Its Influence on Metal
Speciation in a Polluted Salt Marsh. Chemosphere 2008, 73, 1056-1063. [CrossRef]

Freitas, ].; Duarte, B.; Cagador, I. Biogeochemical Drivers of Phosphatase Activity in Salt Marsh Sediments. J. Sea Res. 2014, 93,
57-62. [CrossRef]

Duarte, B.; Santos, D.; Marques, J.C.; Cagador, I. Biophysical Probing of Spartina Maritima Photo-System II Changes during
Prolonged Tidal Submersion Periods. Plant Physiol. Biochem. 2014, 77, 122-132. [CrossRef]

Duarte, B.; Freitas, J.; Cacador, I. The Role of Organic Acids in Assisted Phytoremediation Processes of Salt Marsh Sediments.
Hydrobiologia 2011, 674, 169-177. [CrossRef]

Duarte, B.; Caetano, M.; Almeida, P.R; Vale, C.; Cagador, I. Accumulation and Biological Cycling of Heavy Metal in Four Salt
Marsh Species, from Tagus Estuary (Portugal). Environ. Pollut. 2010, 158, 1661-1668. [CrossRef]

Pereira, P.; Cagador, I.; Vale, C.; Caetano, M.; Costa, A.L. Decomposition of Belowground Litter and Metal Dynamics in Salt
Marshes (Tagus Estuary, Portugal). Sci. Total Environ. 2007, 380, 93-101. [CrossRef]

Duarte, B.; Valentim, ].M.; Dias, ].M.; Silva, H.; Marques, J.C.; Cagador, I. Modelling Sea Level Rise (SLR) Impacts on Salt Marsh
Detrital Outwelling C and N Exports from an Estuarine Coastal Lagoon to the Ocean (Ria de Aveiro, Portugal). Ecol. Model. 2014,
289, 36—44. [CrossRef]

Tobias, C.R.; Macko, S.A.; Anderson, 1.C.; Canuel, E.A.; Harvey, ].W. Tracking the Fate of a High Concentration Groundwater
Nitrate Plume through a Fringing Marsh: A Combined Groundwater Tracer and in Situ Isotope Enrichment Study. Limnol.
Oceanogr. 2001, 46, 1977-1989. [CrossRef]

Yao, H.; Thornton, B.; Paterson, E. Incorporation of 13C-Labelled Rice Rhizodeposition Carbon into Soil Microbial Communities
under Different Water Status. Soil Biol. Biochem. 2012, 53, 72-77. [CrossRef]

Rauch, M; Denis, L. Spatio-Temporal Variability in Benthic Mineralization Processes in the Eastern English Channel. Biogeochem-
istry 2008, 89, 163-180. [CrossRef]

Duarte, B.; Freitas, J.; Couto, T.; Valentim, ].; Dias, ].M.; Silva, H.; Marques, J.C.; Cagador, I. New Multi-Metric Salt Marsh
Sediment Microbial Index (SSMI) Application to Salt Marsh Sediments Ecological Status Assessment. Ecol. Indic. 2013, 29, 390-397.
[CrossRef]

Alef, K.; Nannipieri, P. (Eds.) 7—Enzyme Activities. In Methods in Applied Soil Microbiology and Biochemistry; Academic Press:
London, UK, 1995; pp. 311-373, ISBN 978-0-12-513840-6.

Couto, T.; Duarte, B.; Cacador, L; Baeta, A.; Marques, J.C. Salt Marsh Plants Carbon Storage in a Temperate Atlantic Estuary
Mlustrated by a Stable Isotopic Analysis Based Approach. Ecol. Indic. 2013, 32, 305-311. [CrossRef]

Lynch, ].M.; Whipps, ].M. Substrate Flow in the Rhizosphere. Plant Soil 1990, 129, 1-10. [CrossRef]

Duarte, B.; Freitas, J.; Valentim, J.; Medeiros, ].P.; Costa, J.L.; Silva, H.; Dias, ].M.; Costa, M.].; Marques, ].C.; Cagador, I. Abiotic
Control Modelling of Salt Marsh Sediments Respiratory CO, Fluxes: Application to Increasing Temperature Scenarios. Ecol. Indic.
2014, 46, 110-118. [CrossRef]

Dalenberg, ].W.; Jager, G. Priming Effect of Some Organic Additions to 14C-Labelled Soil. Soil Biol. Biochem. 1989, 21, 443-448.
[CrossRef]

Sinsabaugh, R.L.; Lauber, C.L.; Weintraub, M.N.; Ahmed, B.; Allison, S.D.; Crenshaw, C.; Contosta, A.R.; Cusack, D.; Frey, S.;
Gallo, M.E.; et al. Stoichiometry of Soil Enzyme Activity at Global Scale. Ecol. Lett. 2008, 11, 1252-1264. [CrossRef]

Sinsabaugh, R.L.; Moorhead, D.L. Resource Allocation to Extracellular Enzyme Production: A Model for Nitrogen and Phosphorus
Control of Litter Decomposition. Soil Biol. Biochem. 1994, 26, 1305-1311. [CrossRef]

Mooney, H.A.; Drake, B.G.; Luxmoore, R.J.; Oechel, W.C.; Pitelka, L.F. Predicting Ecosystem Responses to Elevated CO,
Concentrations: What Has Been Learned from Laboratory Experiments on Plant Physiology and Field Observations? BioScience
1991, 41, 96-104. [CrossRef]

Kelley, A.M.; Fay, P.A.; Polley, HW.; Gill, R.A.; Jackson, R.B. Atmospheric CO, and Soil Extracellular Enzyme Activity: A
Meta-Analysis and CO, Gradient Experiment. Ecosphere 2011, 2, art96. [CrossRef]

Paterson, E.; Hall, ] M.; Rattray, E.A.S.; Griffiths, B.S.; Ritz, K.; Killham, K. Effect of Elevated CO, on Rhizosphere Carbon Flow
and Soil Microbial Processes. Glob. Chang. Biol. 1997, 3, 363-377. [CrossRef]

Larson, J.L.; Zak, D.R.; Sinsabaugh, R.L. Extracellular Enzyme Activity Beneath Temperate Trees Growing Under Elevated Carbon
Dioxide and Ozone. Soil Sci. Soc. Am. ]. 2002, 66, 1848-1856. [CrossRef]

Zak, D.R.; Pregitzer, K.S.; Curtis, P.S.; Holmes, W.E. Atmospheric CO, and the Composition and Function of Soil Microbial
Communities. Ecol. Appl. 2000, 10, 47-59. [CrossRef]

Zak, D.R;; Ringelberg, D.B.; Pregitzer, K.S.; Randlett, D.L.; White, D.C.; Curtis, P.S. Soil Microbial Communities Beneath Populus
Grandidentata Grown Under Elevated Atmospheric CO,. Ecol. Appl. 1996, 6, 257-262. [CrossRef]

Cacador, I; Tibério, S.; Cabral, H.N.N. Species Zonation in Corroios Salt Marsh in the Tagus Estuary (Portugal) and Its Dynamics
in the Past Fifty Years. Hydrobiologia 2007, 587, 205-211. [CrossRef]

Sousa, A.L; Lillebg, A.L; Risgaard-Petersen, N.; Pardal, M.A.; Cagador, I. Denitrification: An Ecosystem Service Provided by Salt
Marshes. Mar. Ecol. Prog. Ser. 2012, 448, 79-92. [CrossRef]

Redondo-Gémez, S. Bioaccumulation of Heavy Metals in Spartina. Funct. Plant Biol. 2013, 40, 913-921. [CrossRef]


https://doi.org/10.1016/j.chemosphere.2008.07.072
https://doi.org/10.1016/j.seares.2014.04.002
https://doi.org/10.1016/j.plaphy.2014.01.023
https://doi.org/10.1007/s10750-011-0731-3
https://doi.org/10.1016/j.envpol.2009.12.004
https://doi.org/10.1016/j.scitotenv.2007.01.056
https://doi.org/10.1016/j.ecolmodel.2014.06.020
https://doi.org/10.4319/lo.2001.46.8.1977
https://doi.org/10.1016/j.soilbio.2012.05.006
https://doi.org/10.1007/s10533-008-9191-x
https://doi.org/10.1016/j.ecolind.2013.01.008
https://doi.org/10.1016/j.ecolind.2013.04.004
https://doi.org/10.1007/BF00011685
https://doi.org/10.1016/j.ecolind.2014.06.018
https://doi.org/10.1016/0038-0717(89)90157-0
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1016/0038-0717(94)90211-9
https://doi.org/10.2307/1311562
https://doi.org/10.1890/ES11-00117.1
https://doi.org/10.1046/j.1365-2486.1997.t01-1-00088.x
https://doi.org/10.2136/sssaj2002.1848
https://doi.org/10.1890/1051-0761(2000)010[0047:ACATCA]2.0.CO;2
https://doi.org/10.2307/2269568
https://doi.org/10.1007/s10750-007-0681-y
https://doi.org/10.3354/meps09526
https://doi.org/10.1071/FP12271

Water 2023, 15, 2667 15 of 15

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Valiela, I.; Cole, M.L.; Mcclelland, J.; Hauxwell, J.; Cebrian, J.; Joye, S.B. Role of Salt Marshes as Part of Coastal Landscapes. In
Concepts and Controversies in Tidal Marsh Ecology; Weinstein, M.P., Kreeger, D.A., Eds.; Springer: Dordrecht, The Netherlands, 2000;
pp. 23-36, ISBN 978-0-306-47534-4.

Cagador, L; Neto, ].M.; Duarte, B.; Barroso, D.V,; Pinto, M.; Marques, J.C. Development of an Angiosperm Quality Assessment
Index (AQuA-Index) for Ecological Quality Evaluation of Portuguese Water Bodies—A Multi-Metric Approach. Ecol. Indic. 2013,
25,141-148. [CrossRef]

Bortolus, A.; Adam, P.; Adams, ].B.; Ainouche, M.L.; Ayres, D.; Bertness, M.D.; Bouma, T.J.; Bruno, J.F,; Cagador, I.; Carlton,
J.T.; et al. Supporting Spartina: Interdisciplinary Perspective Shows Spartina as a Distinct Solid Genus. Ecology 2019, 100, e02863.
[CrossRef]

Cheng, W,; Dan, L.; Deng, X.; Feng, J.; Wang, Y.; Peng, J.; Tian, J.; Qi, W.; Liu, Z.; Zheng, X; et al. Global Monthly Gridded
Atmospheric Carbon Dioxide Concentrations under the Historical and Future Scenarios. Sci. Data 2022, 9, 83. [CrossRef] [PubMed]
Kazemi, K.; Zhang, B.; Lye, L.M. Assessment of Microbial Communities and Their Relationship with Enzymatic Activity during
Composting. World J. Eng. Technol. 2017, 5, 93-102. [CrossRef]

Askin, T; Kizilkaya, R. Assessing Spatial Variability of Soil Enzyme Activities in Pasture Topsoils Using Geostatistics. Eur. J. Soil
Biol. 2006, 42, 230-237. [CrossRef]

Aminot, Y.; Fuster, L.; Pardon, P; Le Menach, K.; Budzinski, H. Suspended Solids Moderate the Degradation and Sorption of
Waste Water-Derived Pharmaceuticals in Estuarine Waters. Sci. Total Environ. 2018, 612, 39-48. [CrossRef]

Ravit, B.; Ehrenfeld, ]J.G.; Haggblom, M.M. A Comparison of Sediment Microbial Communities Associated with Phragmites
Australis and Spartina Alterniflora in Two Brackish Wetlands of New Jersey. Estuaries 2003, 26, 465-474. [CrossRef]

Ladd, J.N.; Brisbane, P.G.; Butler, ] H.A.; Amato, M. Studies on Soil Fumigation—III: Effects on Enzyme Activities, Bacterial
Numbers and Extractable Ninhydrin Reactive Compounds. Soil Biol. Biochem. 1976, 8, 255-260. [CrossRef]

Kang, E.J.; Kim, K.Y. Effects of Future Climate Conditions on Photosynthesis and Biochemical Component of Ulva Pertusa
(Chlorophyta). Algae 2016, 31, 49-59. [CrossRef]

Allard, V.; Robin, C.; Newton, P.C.D.; Lieffering, M.; Soussana, J.E. Short and Long-Term Effects of Elevated CO, on Lolium perenne
Rhizodeposition and Its Consequences on Soil Organic Matter Turnover and Plant N Yield. Soil Biol. Biochem. 2006, 38, 1178-1187.
[CrossRef]

Shackle, V.; Freeman, C.; Reynolds, B. Exogenous Enzyme Supplements to Promote Treatment Efficiency in Constructed Wetlands.
Sci. Total Environ. 2006, 361, 18-24. [CrossRef] [PubMed]

Domanski, G.; Kuzyakov, Y.; Siniakina, S.V.; Stahr, K. Carbon Flows in the Rhizosphere of Ryegrass (Lolium perenne). |. Plant Nutr.
Soil Sci. 2001, 164, 381-387. [CrossRef]

Hungate, B.A.; Van GROENIGEN, K.-J.; Six, J.; Jastrow, ].D.; Luo, Y.; De GRAAFF, M.-A.; Van KESSEL, C.; Osenberg, C.W.
Assessing the Effect of Elevated Carbon Dioxide on Soil Carbon: A Comparison of Four Meta-Analyses. Glob. Chang. Biol. 2009,
15, 2020-2034. [CrossRef]

Bergstrom, D.W.; Monreal, C.M.; Tomlin, A.D.; Miller, ].J. Interpretation of Soil Enzyme Activities in a Comparison of Tillage
Practices along a Topographic and Textural Gradient. Can. J. Soil. Sci. 2000, 80, 71-79. [CrossRef]

Moorhead, D.L.; Linkins, A.E. Elevated CO, Alters Belowground Exoenzyme Activities in Tussock Tundra. Plant Soil 1997, 189,
321-329. [CrossRef]

Dhillion, S.S.; Roy, J.; Abrams, M. Assessing the Impact of Elevated CO, on Soil Microbial Activity in a Mediterranean Model
Ecosystem. Plant Soil 1996, 187, 333-342. [CrossRef]

Ebersberger, D.; Niklaus, P.A.; Kandeler, E. Long Term CO, Enrichment Stimulates N-Mineralisation and Enzyme Activities in
Calcareous Grassland. Soil Biol. Biochem. 2003, 35, 965-972. [CrossRef]

Barrett, D.J.; Richardson, A.E.; Gifford, R M. Elevated Atmospheric CO, Concentrations Increase Wheat Root Phosphatase
Activity When Growth Is Limited by Phosphorus. Funct. Plant Biol. 1998, 25, 87-94. [CrossRef]

Freeman, C.; Baxter, R.; Farrar, ].E; Jones, S.E.; Plum, S.; Ashendon, T.W,; Stirling, C. Could Competition between Plants and
Microbes Regulate Plant Nutrition and Atmospheric CO, Concentrations? Sci. Total Environ. 1998, 220, 181-184. [CrossRef]
Kampichler, C.; Kandeler, E.; Bardgett, R.D.; Jones, T.H.; Thompson, L.J. Impact of Elevated Atmospheric CO, Concentration on
Soil Microbial Biomass and Activity in a Complex, Weedy Field Model Ecosystem. Glob. Chang. Biol. 1998, 4, 335-346. [CrossRef]
Langley, ].A.; Megonigal, ].P. Ecosystem Response to Elevated CO, Levels Limited by Nitrogen-Induced Plant Species Shift.
Nature 2010, 466, 96-99. [CrossRef] [PubMed]

Mateos-Naranjo, E.; Redondo-Gémez, S.; Andrades-Moreno, L.; Davy, A.]. Growth and Photosynthetic Responses of the Cordgrass
Spartina Maritima to CO, Enrichment and Salinity. Chemosphere 2010, 81, 725-731. [CrossRef]

Dai, T.; Wiegert, R.G. A Field Study of Photosynthetic Capacity and Its Response to Nitrogen Fertilization In Spartina Alterniflora.
Estuar. Coast. Shelf Sci. 1997, 45, 273-283. [CrossRef]

Bradley, PM.; Morris, ].T. Effect of Salinity on the Critical Nitrogen Concentration of Spartina Alterniflora Loisel. Aquat. Bot. 1992,
43, 149-161. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ecolind.2012.09.021
https://doi.org/10.1002/ecy.2863
https://doi.org/10.1038/s41597-022-01196-7
https://www.ncbi.nlm.nih.gov/pubmed/35277521
https://doi.org/10.4236/wjet.2017.53B011
https://doi.org/10.1016/j.ejsobi.2006.02.002
https://doi.org/10.1016/j.scitotenv.2017.08.162
https://doi.org/10.1007/BF02823723
https://doi.org/10.1016/0038-0717(76)90053-5
https://doi.org/10.4490/algae.2016.31.3.9
https://doi.org/10.1016/j.soilbio.2005.10.002
https://doi.org/10.1016/j.scitotenv.2005.09.032
https://www.ncbi.nlm.nih.gov/pubmed/16213577
https://doi.org/10.1002/1522-2624(200108)164:4&lt;381::AID-JPLN381&gt;3.0.CO;2-5
https://doi.org/10.1111/j.1365-2486.2009.01866.x
https://doi.org/10.4141/S99-034
https://doi.org/10.1023/A:1004246720186
https://doi.org/10.1007/BF00017098
https://doi.org/10.1016/S0038-0717(03)00156-1
https://doi.org/10.1071/PP97045
https://doi.org/10.1016/S0048-9697(98)00253-8
https://doi.org/10.1046/j.1365-2486.1998.00157.x
https://doi.org/10.1038/nature09176
https://www.ncbi.nlm.nih.gov/pubmed/20596018
https://doi.org/10.1016/j.chemosphere.2010.07.047
https://doi.org/10.1006/ecss.1996.0175
https://doi.org/10.1016/0304-3770(92)90040-P

	Introduction 
	Materials and Methods 
	Study Area, Sampling, and Mesocosms Setup 
	Sediment Physicochemical Characterization 
	Total Carbon and Nitrogen Content and Stable Isotope Analysis 
	Dehydrogenase and Extracellular Enzymatic Activities (EEAs) 
	Statistical Analysis 

	Results 
	Physic-Chemical Sediment Characteristics and Stable Isotope Signatures 
	Microbial Enzymatic Activities 

	Discussion 
	Conclusions 
	References

