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EM-ART-02-2026-000129 Environmental Significant Statement
Emerging freshwater deltas influence the fate of C and nutrients exported from inland waters, with 
elevation and inundation gradients shaping soil biogeochemical processes. This study clarifies 
how soil chemical properties and inundation regulate C and P release from emerging deltaic 
systems. Older soils support greater biogeochemical activity in supratidal and intertidal zones, 
likely reflecting higher soil C concentrations. Inundation-driven redox oscillations in intertidal 
zones enhance OM decomposition to CO2 and accelerate Fe(III) (oxyhydr)oxide turnover, 
whereas persistent subtidal saturation restricts O2 availability and inhibits Fe-OC and Fe-P 
associations, though microbial Fe reduction may sustain OM decomposition and P release under 
anoxic conditions. This study advances understanding of how hydrogeomorphic development and 
Fe redox cycling jointly govern C storage and nutrient buffering in active coastal deltas.
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1 Carbon and nutrient mobilization across inundation gradients in an emerging freshwater 
2 delta
3 Matthew J. Berens,1,*,+ Geoff Schwaner,1 and Elizabeth M. Herndon1

4
5 1Environmental Sciences Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831
6
7 *corresponding author: matthew.berens@ncagr.gov
8 +Current address: North Carolina Department of Agriculture and Consumer Services, Raleigh, NC 
9 27699

10
11 Abstract (50–250 words)
12 Emerging freshwater deltas are comprised of gradients of soil age and inundation frequency that 
13 influence biogeochemical processes. Differences in inundation patterns coupled with soil 
14 chemical properties may affect whether carbon and nutrients transported from inland watersheds 
15 are stored in delta soils or released into the atmosphere or open ocean. This study uses laboratory 
16 incubations to evaluate the responses of soil, porewater, and headspace parameters to different 
17 inundation patterns in soils collected from two elevation transects of an emerging deltaic island in 
18 the Wax Lake Delta in Louisiana, USA, an active freshwater delta forming along the Louisiana 
19 coast in response to water diversions. In general, soils from the older region of the island exhibited 
20 higher CO2 release and solute mobilization relative to soils from the younger delta region. In 
21 addition, persistent inundation was associated with significantly lower solute (DOC, Fe, P) and 
22 CO2 release than soil exposed to persistently drained conditions or periodic flood-drain cycles. 
23 Our results indicate that biogeochemical processes, such as organic matter decomposition and 
24 microbial Fe cycling, may be limited by inundated conditions in subtidal zones but vary in response 
25 to differences in soil chemical properties (e.g., C and N content) across supratidal and intertidal 
26 regimes. These results demonstrate that hydrogeomorphic development, in addition to inundation 
27 patterns, regulate biogeochemical processes that produce solutes and gases in coastal systems.
28
29 Notice: This manuscript has been authored by UT-Battelle, LLC, under contract DE-AC05-
30 00OR22725 with the US Department of Energy (DOE). The US government retains and the 
31 publisher, by accepting the article for publication, acknowledges that the US government retains 
32 a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published 
33 form of this manuscript, or allow others to do so, for US government purposes. DOE will provide 
34 public access to these results of federally sponsored research in accordance with the DOE Public 
35 Access Plan (https://www.energy.gov/doe-public-access-plan).
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36 Introduction 
37 Coastal zones contain hydrologically dynamic ecosystems that receive freshwater from inland 
38 watersheds before it is discharged to the ocean. Within coastal ecosystems, interactions between 
39 land, freshwater, and seawater influence the cycling of solutes and particulates, and support key 
40 ecosystem services including carbon storage, nutrient buffering, and mitigation of flooding and 
41 storm surges.1,2 In many coastal systems, sea level rise and alterations to rivers and streams 
42 (e.g., river impoundment, groundwater extraction, land-use conversion) are causing extensive 
43 inundation and land erosion.3–5 River diversions are a proposed approach to offset these losses 
44 by directing freshwater and sediment flows towards degrading coastlines to accelerate the vertical 
45 accretion of new land.6–8 These diversions may alter the biogeochemical conditions of coastal 
46 zones by increasing the supply of carbon, nutrients (i.e., N and P), and iron (Fe) while 
47 simultaneously lowering salinity.9 An improved understanding of soil biogeochemistry in coastal 
48 ecosystems that are gaining land due to river diversions is critical for determining the impact of 
49 these activities on future carbon and nutrient cycling.
50
51 Deltas that form in response to river diversions are characterized by freshwater-dominated 
52 channels and a series of aggrading islands that span gradients of time since subaerial emergence 
53 and frequency of inundation.10,11 Soils at the proximal (upstream) end and along the natural 
54 embankments around the perimeter of the islands are often older, reach higher elevations, and 
55 have higher organic matter content relative to distal (downstream) sedimentation regions and the 
56 interdistributary bays that comprise the island interiors.12 The resulting elevation gradients 
57 spanning both upstream to downstream and from exterior to interior of the growing islands yield 
58 distinct hydrogeomorphic zones defined by ground surface elevation relative to the tidal range: 
59 supratidal (primarily drained at the ground surface); intertidal (periodically inundated by tides); or 
60 subtidal (consistently inundated). These zones contain characteristic vegetation ranging from 
61 emergent aquatic plants in subtidal areas (e.g., Nelumbo lutea, Lemma minor) to wetland forest 
62 and herbaceous wetland species at higher elevations (e.g., Salix nigra, Colocasia esculenta, 
63 Polygonum punctatum).11,13,14 While several studies have described the sedimentation and 
64 vegetation patterns of emerging deltas, fewer studies have examined the effects of variable 
65 inundation on soil and porewater chemistry across elevation gradients.15–17

66
67 Carbon and nutrient dynamics in coastal systems are strongly influenced by redox-driven 
68 biogeochemical processes. In particular, variable inundation due to (semi-)diurnal tidal cycles 
69 and/or periods of low or elevated river discharge can oscillate soils between oxic and anoxic 
70 conditions, potentially resulting in the formation and/or dissolution of reactive Fe minerals (i.e., 
71 Fe(III) oxides and oxyhydroxides).18,19 When oxygen is depleted under flooded conditions, short 
72 range ordered (SRO) Fe(III) oxyhydroxides (e.g., ferrihydrite) may act as terminal electron 
73 acceptors for microbial respiration, promoting the decomposition of organic carbon into 
74 greenhouses gases (i.e., carbon dioxide (CO2)).20 In addition, Fe(III) oxyhydroxides may strongly 
75 adsorb organic matter, nutrients, and trace elements which can then be released into soil 
76 porewaters during reductive mineral dissolution.21 As soil moisture decreases with receding tides 
77 and/or river stage, soil pore spaces become aerated, causing the oxidative precipitation of 
78 dissolved or complexed Fe(II) into new solid Fe(III) phases. This formation of iron minerals could 
79 potentially stabilize large amounts of carbon and nutrients through adsorption and/or 
80 coprecipitation and increase carbon retention in deltaic soils.17,18,22–28 While Fe redox cycling is 
81 recognized as a key process in coastal wetlands, its relative importance compared to other factors 
82 (e.g., soil age and composition) in controlling C and nutrient dynamics across inundation gradients 
83 in freshwater deltas remains unclear.
84
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85 The objectives of this study were to (i) investigate how CO2 production and solute mobility respond 
86 to different inundation conditions across an emerging freshwater delta and (ii) to assess how Fe 
87 mineral precipitation and dissolution may affect solute immobilization and release. Surface soils 
88 (<30 cm) collected from supratidal, intertidal, and subtidal zones along two elevation transects in 
89 the Wax Lake Delta representing different timepoints of island development were incubated in 
90 laboratory mesocosms under conditions that reflected those experienced in the field: static 
91 drained (supratidal); repeated flood-drain cycles (intertidal); or static inundated (subtidal).10,11 
92 Mesocosms were assessed for differences in greenhouse gas emissions (CO2, CH4, N2O) and 
93 the release of redox-sensitive analytes (DOC, Fe), nutrients (P), and cations (Ca, Mg, Al) into soil 
94 porewater. The concentrations of soil Fe contained in SRO and LRO Fe(III) (oxyhydr)oxide 
95 minerals were quantified before and after incubation using selective chemical extractions.
96
97 Methods
98 Site description
99 The Wax Lake Delta (WLD) is located approximately 30 km southwest of Morgan City in Coastal 

100 Louisiana, USA (Figure 1). This region experiences an annual precipitation of 1,530 mmyr-1 and 
101 daily mean temperatures ranging from 12 to 29 °C in winter and summer, respectively.29 Wax 
102 Lake Delta is an active delta forming from sediments delivered through the Wax Lake Outlet, a 
103 channel constructed in 1941 to reduce flood stages in Coastal Louisiana communities by diverting 
104 a portion of the flow from the Atchafalaya River.30 The resulting high sediment load (25.6–38.4 
105 Mtyr-1)31 in the Wax Lake Outlet has created a series of rapidly aggrading islands that initially 
106 became subaerial following a major flood in 1973 and now consist of a range of freshwater 
107 habitats (mean channel salinity 0.11  0.004 ppt)32 spanning forested wetlands to herbaceous 
108 marshes.
109
110 Wax Lake Delta exhibits distinct hydrogeomorphic zones defined by soil elevation, water level, 
111 and frequency of inundation.10,11,33 Supratidal zones of the WLD are above the mean high water 
112 level (>0.3 m NAVD88) and inundated only during seasonal and extreme high-water events. 
113 These areas occur along the natural levees that border the islands and contain early successional 
114 woody vegetation, including black willow (Salix nigra) and elephant ear (Colocasia esculenta). 
115 Intertidal zones are between mean high and low water level (-0.4 to 0.3 m NAVD88) and 
116 experience regular flood-drain cycles, while subtidal zones (<-0.4 m NAVD88) are persistently 
117 inundated year-round. The water level in these zones is primarily influenced by river stage, wind, 
118 and storms and partly driven by (semi-)diurnal tides (<0.3 m total water level change).12,34 
119 Emergent forbs (e.g., Sagittaria spp) and American lotus (Nelumbo lutea) are common in 
120 periodically-inundated intertidal zones, while emergent macrophytes dominate the subtidal zones 
121 (e.g., Eichhornia spp., Nymphaea spp.). 
122
123 Soils in the WLD also display clear vertical and lateral differentiation across hydrogeomorphic 
124 zones.17,35,36 The sediment being transported to and deposited within the WLD is dominated by 
125 coarse silt to very fine sand materials.37,38 Frequent inundation and sediment resuspension in 
126 subtidal zones maintains mineral-rich, fine-grained soils with high water content, low bulk density 
127 (mean 0.24 gcm-3), and minimal organic carbon (<0.02 gcm-3). Intertidal zones that experience 
128 periodic inundation support dense vegetation that traps sediment and contributes organic matter, 
129 resulting in more consolidated soils (mean bulk density 0.68 gcm-3), with slightly elevated organic 
130 carbon (~0.01 gcm-3) and shallow redox gradients. In supratidal zones, soils are infrequently 
131 flooded, more oxidized, and increasingly organic-rich (~0.02 gcm-3), showing early pedogenic 
132 features and greater root biomass.
133
134 Soil collection
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135 Surface soils were collected from two elevation transects on Mike Island in the WLD that exhibit 
136 differences in time since subaerial emergence, soil properties, and vegetation types (Figure 1b). 
137 The “Old Transect” (OT; 29.51009, -91.44449) is in the proximal sedimentation region of Mike 
138 Island and first became subaerial between 1987–1995, whereas the “Young Transect” (YT; 
139 29.49438, -91.44121) is closer to the active delta front and became subaerial between 2001–
140 2005 (Figure S1).11 The OT exhibits pronounced ecological succession along the island’s 
141 elevation gradient, transitioning from forested wetlands (primarily Salix nigra) in supratidal zones 
142 to marsh dominated species in intertidal (e.g., Sagittaria spp., Colocasia spp.) and subtidal 
143 regions.39–41 The YT includes primarily intertidal and subtidal hydrogeomorphology with vegetation 
144 mainly consisting of sawgrass and submerged and floating-leafed (Potamogeton nodosus) 
145 vegetation.42,43 In the text, we use “Old Transect” and “Young Transect” strictly to reference the 
146 island age (i.e., time since subaerial emergence) rather than features of soil development and/or 
147 weathering. 
148
149 Triplicate shallow soil cores (0–30 cm depth) were collected in March 2023 from within a 1 m x 1 
150 m plot at each sampling location by manually inserting a 5 cm diameter acrylic soil core liner 
151 (AMS, Inc.) into the soil until the 30 cm core liner was flush with the ground surface. The core 
152 liners were immediately capped and sealed in gas impermeable bags containing an oxygen-
153 scrubbing pouch (AnaeroPack™, Mitsubishi Chemical Corp.) to preserve anoxic conditions. Soils 
154 experienced compaction during sampling that resulted in each core liner containing headspace 
155 derived from the subsurface environment. The samples were held on ice and frozen within 6 h of 
156 collection, then shipped overnight to Oak Ridge National Laboratory and stored at -20 C until 
157 further processing.

158
159 Figure 1. (a) Map of Old Transect (OT) and Young Transect (YT) study sites on Mike Island in 
160 the Wax Lake Delta, Louisiana. (b) Conceptual illustration of hydrogeomorphic zones at Old 
161 Transect (OT) and Young Transect (YT) study areas. Approximate ground surface elevations and 
162 ecological zones are derived from Twilley et al. (2019).10

163
164 Mesocosm setup and initial soil characterization
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165 Incubation mesocosms were constructed from the acrylic core liners used for soil collection 
166 (diameter 5 cm, height 30 cm; Figure 2). The frozen soils were placed in an anaerobic chamber 
167 (97.5% N2:2.5% H2; Coy, Inc.) and allowed to thaw completely at room temperature (~12 h). The 
168 thawed soils were removed from the liners, transferred into a 1 L acid-washed glass crystallization 
169 dish, and manually homogenized with an acid-washed glass rod and subsampled for pH (1:1 in 
170 0.01 M CaCl2), total C and N (Elementar UNICUBE®), and selective chemical extractions. After 
171 subsampling soils for initial characterization, they were then transferred back into the core liners, 
172 and the bottom cap was replaced with a cap containing a two-way valve to allow controlled 
173 drainage of the mesocosm. A layer of polyester filter cloth (5 m pore size) was placed inside the 
174 cap to prevent the loss of soil while draining and filling the mesocosms. Due to limited quantities 
175 of soil from the OT intertidal zone, the triplicate soil samples were combined, homogenized, and 
176 split into duplicate mesocosms; all other incubations were performed in triplicate.
177
178 Selective chemical extractions were performed inside the anaerobic chamber to quantify 
179 concentrations of Fe and P associated with different solid Fe mineral phases. Subsamples for the 
180 extractions were dried under N2 atmosphere in the glove box. The iron extractions followed 
181 previously described methods.44,27,45 Briefly, short-range ordered (SRO) Fe(III) oxyhydroxides 
182 (e.g., ferrihydrite, lepidocrocite) were extracted for 48 h with 1 M Hydroxylamine-HCl in 25% (v/v) 
183 acetic acid. Total redox-sensitive Fe(III) (oxyhydr)oxides were extracted for 2 h with freshly 
184 prepared citrate-buffered sodium dithionite (50 gL-1 sodium dithionite in 0.35 M acetic acid and 
185 0.2 M sodium citrate buffer, pH 4.8).  Long-range ordered (LRO) Fe(III) oxide minerals (e.g., 
186 crystalline goethite, hematite) were calculated as the difference between total-redox sensitive 
187 Fe(III) (oxyhydr)oxides and SRO Fe(III) oxyhydroxides. Each extraction protocol was performed 
188 by placing ~1.0 g of dried soil and 10 mL of the extractant solution in a 50 mL conical tube on an 
189 end-over-end rotator. The resulting soil slurries were centrifuged (30 min at 4000 rcf), and the 
190 supernatants were filtered (<0.45 um nylon syringe filter) and acidified with 2-3 drops of trace 
191 metal grade nitric acid for analysis by inductively coupled plasma-optical emission spectroscopy 
192 (ICP-OES; ThermoFisher Scientific iCAP 7400).

193
194 Figure 2. Schematic of mesocosms used for laboratory soil incubations. (Left) Example 
195 mesocosm containing field-collected soil and synthetic water. The valve at the bottom was used 
196 to fill and drain the mesocosms while the Rhizon sampler was used to collect in-situ porewater. 
197 The removable cap was periodically attached to the top of each mesocosm for headspace gas 
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198 collection. (Right) Illustration of the three different incubation conditions. All mesocosms were 
199 constructed identically regardless of reaction conditions.
200
201 Mesocosm incubation and sampling
202 The constructed mesocosms were transferred to the benchtop and incubated for 30 days at room 
203 temperature (20–22°C) to match the mean annual temperature of the Wax Lake Delta (20.3°C). 
204 To reflect field inundation conditions, supratidal mesocosms were incubated without additional 
205 water for 21 days, at which point the soils were rewetted to approximately field capacity due to 
206 visible drying of the soils. Because soil moisture was not measured in the field, field capacity was 
207 visually estimated by adding water until soils appeared moist throughout but not saturated. 
208 Subtidal mesocosms were continuously inundated at 15 cm above the soil surface to reflect the 
209 average water depth of the subtidal zone on Mike Island.34 Intertidal mesocosms underwent four 
210 flood-drain cycles over the 30-day experiment. The composition of the solution used to inundate 
211 the intertidal soils reflected the concentrations of major ions measured in surface water at the field 
212 site during soil collection (100 molL-1 sulfate from Na2SO4, 420 molL-1 chloride from NaCl; see 
213 additional details in Table S1). The solution was prepared in deionized water and did not contain 
214 any solutes other than sodium, chloride, and sulfate. The first porewater measurement during the 
215 incubations captured the initial concentrations of solutes derived from the soil. The solution pH 
216 was 7.5, as prepared, and was not adjusted before use. During the flood-drain cycles, water from 
217 the intertidal mesocosms was gravity drained from the port on the bottom end cap. After the water 
218 was allowed to self-drain, any water that remained pooled on the soil surface was carefully 
219 removed by using a syringe connected to the port on the bottom cap to apply vacuum. For 
220 subsequent inundated periods, the water level was returned to 15 cm above the soil surface by 
221 slowly injecting fresh synthetic water upwards through the port on the bottom of the mesocosms, 
222 taking care to avoid disturbing the soil.
223
224 Before beginning the incubations, one Rhizon porewater sampler (0.15 m pore size, 10 cm 
225 membrane length; Rhizosphere Research Products) was installed vertically into the center of the 
226 soil and left in place throughout the duration of the experiment. The rhizon spanned the top 10 
227 cm of the mesocosm soil. The top of each mesocosm was loosely covered with semi-transparent 
228 plastic film to prevent evaporation and drying. Porewater from subtidal and intertidal mesocosms 
229 was collected through an acid-washed syringe (10% HCl) attached to the Rhizon sampler and 
230 subsequently analyzed for concentrations of dissolved organic C (DOC), P, Ca, Mg, total Fe, and 
231 Fe2+, pH, specific conductance, and oxidation-reduction potential (ORP; mV vs Ag/AgCl). 
232 Porewater was not collected from supratidal mesocosms due to insufficient volume available for 
233 chemical analyses. Dissolved organic carbon was measured with a total organic carbon analyzer 
234 (Shimadzu TOC-L). Total dissolved elements were quantified by ICP-OES. Concentrations of Fe2+ 
235 were quantified by the 1,10-phenanthroline assay in a UV-Vis spectrophotometer.46 Specific 
236 conductance, pH, and ORP were measured with a handheld multiparameter probe. ORP values 
237 were converted (+209 mV) to redox potentials relative to the standard hydrogen electrode (Eh).
238
239 To maintain a consistent water volume in each mesocosm, the volume of water removed during 
240 each sampling (~20 mL) was immediately replaced with fresh solution. At the end of the 
241 experiment, the mesocosms were transferred back into the anerobic chamber, the soils were 
242 removed from the liners and homogenized, then analyzed for total C and N concentrations and 
243 hydroxylamine and dithionite-extractable Fe and P.
244
245 Carbon dioxide flux measurements
246 Carbon dioxide (CO2) fluxes (as mmol CO2-C m-2d-1) were determined by sealing the mesocosms 
247 with a cap fitted with a butyl rubber septum (Figure 2) and collecting a 15 mL aliquot of headspace 
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248 gas three times over a 24 h period. The CO2 concentrations were measured by gas 
249 chromatography (GC; Shimadzu Corp.). Flux values were calculated according to eqn 1:

250 soil CO2 flux =
∂𝑐
∂𝑡 ∗

𝑉
𝐴𝑆

(1)

251 where c is the concentration of CO2 in the headspace (in ppmv), V is the headspace volume of 
252 each mesocosm (in m3), As is the soil surface area (19.6 cm2), and t is the total collection time (in 
253 hr). A linear regression of the three concentration measurements made during each 24 h 
254 collection period (𝜕C/𝜕t) was applied to determine the CO2 flux. To account for the differences in 
255 soil C concentration across sites, CO2 fluxes were normalized to the total C concentration in the 
256 initial bulk soils (in mol CO2-Cmol C-1). Methane (CH4) and nitrous oxide (N2O) were also 
257 measured and were below the detection limit in all samples.
258
259 Data and Statistical Analysis
260 All data analyses were performed using in R (v4.3.0).47 We used dplyr (v1.1.4) for data wrangling 
261 and processing; ggplot2 (v3.5.2)48 and cowplot (v1.2.0) for data visualization; and stats (v4.5.2) 
262 and vegan (v2.7-2) for multivariate statistics. We used PERMANOVA (Bray-Curtis; permutations: 
263 999) to evaluate overall trends across transect location (OT vs. YT) and transect position 
264 (supratidal vs. intertidal vs. subtidal). Linear mixed-effects models (LME) and ANOVA were used 
265 to determine trends of individual analytes and compare means. Statistical significance was 
266 determined at ⍺ = 0.05. Values of F and p reported in the text are from PERMANOVA analyses, 
267 unless otherwise stated. All analytical results with uncertainties are reported as the mean  
268 standard deviation.
269
270 Cumulative solute releases for subtidal mesocosms were calculated incrementally by multiplying 
271 the solute concentration at each sampling point by the total mesocosm liquid volume. For intertidal 
272 mesocosms which were periodically drained, cumulative releases were determined as solute 
273 concentration times liquid volume at each time of draining summed over all drainages. We 
274 assumed that solute concentrations reached equilibrium between sampling points and did not 
275 adjust values for potential dilution due to replenishing water volume removed through sampling in 
276 each mesocosm.
277  
278 Results and Discussion
279 Soil characteristics influenced by delta age and inundation patterns
280 Overall, transect position (supratidal vs. intertidal vs. subtidal) accounted for 51% of total variation 
281 in soil biogeochemical analytes (F = 53, p < 0.001), whereas transect location (OT vs. YT) 
282 accounted for 4% (F = 8, p = 0.0097). Within transects, soil C, N, and pH decreased in the order 
283 intertidal > supratidal > subtidal; the sole exception was soil pH in YT, where subtidal values were 
284 higher than in supratidal (Table 1). Total Fe oxides (SRO oxyhydroxides and LRO oxides) were 
285 high in the supratidal zones, particularly at the OT, and decreased with decreasing elevation. 
286 These values align with previously reported data from Mike Island (15–36 gkg-1 C; 1.2–2.6 gkg-

287 1 N; 30–180 molg-1 Fe) and reflect higher overall concentrations of C, N, and Fe and lower pH in 
288 older delta regions.17,49

289
290 Short-range ordered and crystalline Fe oxides varied in abundance across both transects. 
291 Intertidal and subtidal soils contained primarily SRO Fe oxides, whereas supratidal soils had 
292 similar proportions of SRO and LRO Fe (~1:1 molar ratio). Higher relative proportions of SRO Fe 
293 oxides in intertidal and subtidal zones may (i) indicate rapid re-formation of metastable phases, 
294 offsetting transformation of SRO Fe to more crystalline LRO phases under successive redox 
295 cycles or (ii) retention of metastable phases under persistently anoxic subtidal conditions where 
296 transformation to crystalline oxides is kinetically limited.28,50,51 This observation is consistent with 
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297 previous findings that coastal wetlands are preferentially enriched in SRO Fe minerals relative to 
298 upland soils.50 As deltaic islands gain elevation, soils transition from primarily anoxic conditions 
299 (subtidal) to variable anoxic-oxic cycles (intertidal) then primarily oxic conditions (supratidal),11 
300 thus, providing important evidence that differences in Fe abundance and mineral form across the 
301 transects illustrate that Fe redox cycling may play important and evolving roles in biogeochemical 
302 processes during delta formation.
303
304 Table 1. Chemical properties of the bulk soil used for the incubation experiments. Concentrations 
305 of short-range ordered (SRO) and long-range ordered (LRO) Fe oxides were determined from 
306 selective chemical extractions. All values represent the mean  standard deviation (n=3). Letters 
307 represent significant differences within each column (Tukey HSD,  = 0.05).

Transect Tidal zone  Soil pH C N SRO Fe LRO Fe* SRO/LRO
(–) (gkg-1) (gkg-1) (mol Feg-1) (mol Feg-1) (–)

Old Supratidal 7.17±0.01C 37.6±1.1B 4.2 ± 0.3A 139 ± 4C 144 ± 8A 1.0 ± 0.1
Intertidal 7.18±0.09BC 48.6±1.9A 5.1 ± 0.1A 101 ± 1A 4 ± 5C 3.0 ± 2.4
Subtidal 7.16±0.08C 29.2±1.1C 1.7 ± 0.3B 69 ± 1B 13 ± 2C 5.4 ± 1.1

Young Supratidal 7.41±0.13AC 19.7±0.7D 1.3 ± 0.4B 96 ± 1A 85 ± 1B 1.1 ± 0.1
Intertidal 7.51±0.15A 20.4±2.8D 1.7 ± 0.2B 85 ± 1D 7 ± 1C 4.7 ± 3.1
Subtidal 7.49±0.02AB 18.1±1.4D 1.2 ± 0.3B 59 ± 1E 1 ± 2C 5.4 ± 1.0

*Calculated as the difference between dithionite- and hydroxylamine-extractable Fe.
308
309 CO2 production enhanced by variable inundation
310 We investigated CO2 production throughout the experiment to determine how inundation patterns 
311 affected organic matter decomposition, and whether these observations were consistent across 
312 space (OT vs. YT) and time (Figure 3). Similar to soil properties, transect position accounted for 
313 significantly more of the total variation in both cumulative CO2 release and average CO2 flux (F = 
314 27.6, p < 0.001) than transect location (F = 4.8, p = 0.034). In both OT and YT soils, supratidal 
315 and intertidal positions exhibited higher CO2 production than subtidal soils (Figure 4). Initial rates 
316 of CO2 release were similar among OT and YT supratidal and OT intertidal soils and higher than 
317 YT intertidal soils. All observed trends in CO2 flux were consistent whether fluxes were normalized 
318 on a molar (i.e., mmol CO2mol C-1d-1), soil dry mass (mmol CO2kg-1d-1), or surface area basis 
319 (mmol CO2m-2d-1) (Table S1), indicating that differences in flux could be attributed to 
320 biogeochemical processes controlling organic matter decomposition rather than the quantity of 
321 organic matter.
322

323  
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324 Figure 3. Cumulative carbon dioxide (CO2) release normalized to total soil C during (a) supratidal, 
325 (b) intertidal, and (c) subtidal incubations. Error bars represent standard deviation of the mean 
326 for triplicate mesocosms. The arrow in panel a indicates when supratidal soils were rewetted. The 
327 legend in panel a also applies to panels b–c.
328
329 Given the notable shift in CO2 production after supratidal soils were rewetted (Figure 3a), we 
330 analyzed all CO2 fluxes separately for the time periods before (0–21 d) and after (22–30 d) 
331 supratidal rewetting to differentiate the relative effects of soil moisture and incubation time on CO2 
332 production (Figure 4). Across both transects, average CO2 fluxes from supratidal and intertidal 
333 soils were substantially lower during the second part of the incubation, with a decrease of 
334 approximately 85% in supratidal soils and 43% in intertidal soils. Meanwhile, subtidal CO2 fluxes 
335 did not significantly change (Tukey HSD, p > 0.05). Although decreases in respiration in the 
336 supratidal zones may be an artifact of rewetting, decreasing CO2 fluxes in intertidal soils could 
337 result from decreases in carbon substrates over time. Microbial respiration in a closed system 
338 depletes bioavailable substrates, restricting further rates of organic matter decomposition.52 
339 However, the stable CO2 fluxes for both subtidal incubations suggests that organic substrates did 
340 not become depleted under relatively low respiration rates. Persistent inundation may constrain 
341 rates of organic matter decomposition at the lowest elevation regardless of soil properties.
342

343
344 Figure 4. CO2 production across laboratory incubations. Cumulative CO2 production is shown on 
345 the left vertical axis, and average fluxes are shown on the right vertical axis. Fluxes are grouped 
346 into days 0-21 and 22-30, corresponding to rewetting of supratidal soils. Bars labeled with different 
347 letters are statistically different (Tukey HSD,  = 0.05).
348
349 Solute mobilization across inundation gradients
350 Inundation patterns (i.e., transect position) explained the majority of observed variability in 
351 porewater chemistry (F = 6.5, p = 0.006), with subtidal soils showing significantly lower cumulative 
352 releases of most solutes (DOC, Fe, P) than intertidal soils across both transects (Tukey HSD, p 
353 > 0.05). This pattern was consistent with CO2 production (F = 27.6, p < 0.001; Figure 4), indicating 
354 that prolonged inundation may reduce overall biogeochemical activity relative to drained or 
355 variably inundated conditions. In contrast, solute releases from intertidal soils varied with delta 
356 region, with higher releases of DOC, Fe, and P from intertidal soils for OT than YT, while Ca and 
357 Mg showed not significant differences between transects (Table S3). 
358
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359 Soil inundation was associated with distinct temporal patterns of solute concentrations that 
360 differed between intertidal and subtidal zones (Figure 5). For subtidal soils, most analytes (Fe, P, 
361 Ca, pH) increased over time throughout the 30-day incubation, whereas DOC exhibited a sharp 
362 initial increase followed by a linear decrease (regression analysis; OT: F = 21.98, p > 0.001; YT: 
363 F = 82.27, p > 0.001) (Table S3). Eh remained relatively stable between +54 and +89 mV and 
364 cumulative solute releases were greater for OT than YT (p > 0.05). For intertidal soils, solute 
365 concentrations generally decreased over time but exhibited short pulses of solute release 
366 immediately following inundation. Porewater pH gradually increased while Eh values remained 
367 between +45 and +73 mV. Similar to subtidal soils, cumulative solute release from intertidal soils 
368 was higher for OT than YT (p > 0.05).
369

370
371 Figure 5. Porewater measurements of (a) dissolved organic carbon (DOC; mmolL-1), (b) total 
372 dissolved iron (Fe; mmolL-1), and (c) dissolved phosphorus (P; mmolL-1), (d) redox potential (Eh; 
373 mV vs SHE), (e) pH, and (f) dissolved Fe2+ (mmolL-1) during intertidal and subtidal incubations. 
374 Error bars represent standard deviations of triplicate mesocosms. The orange bars along the top 
375 axis represent inundated periods of intertidal incubations.
376
377 Cumulative releases of CO2 and DOC, expressed as a fraction of total soil C, were compared in 
378 order to evaluate the potential for soils to lose C via CO2 release or DOC leaching. Across all 
379 experiments, DOC loss outpaced CO2 production by a factor of 10 to 67 (Table 3), reflecting the 
380 mobility of water-soluble organic matter under inundated conditions. In contrast to individual 
381 patterns of CO2 (Figure 4) and DOC (Figure 5a), transect location (OT vs. YT) had a stronger 

Page 11 of 23 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
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
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:P

ro
ce

ss
es

&
Im

pa
ct

s
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/7
/2

02
6 

2:
46

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6EM00129G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6em00129g


382 effect on DOC:CO2 ratios (F = 28.5, p = 0.004) than transect position (F = 4.4, p = 0.03). Within 
383 transects, intertidal DOC:CO2 values were higher than subtidal for YT (Tukey HSD, p < 0.001), 
384 while OT showed no significant difference between transect positions (Tukey HSD, p = 0.618). 
385 These differences in C loss pathways may reflect varying stages of ecosystem development and 
386 the balance between C accumulation and decomposition in emerging coastal deltas, as discussed 
387 below.
388
389 Table 3. Fractional loss of C during soil incubations. Values are shown as cumulative losses of C 
390 leached (DOC) or respired (CO2) divided by the initial amount of C in the bulk soils. DOC:CO2 are 
391 expressed on a molar basis. Values labeled with different letters are statistically different (Tukey 
392 HSD,  = 0.05).

Transect Position DOC Loss 
(%)

CO2 Loss (%) DOC:CO2

OT Supratidal  – 0.02  0.01B –
Intertidal 2.30  0.61A 0.14  0.02A 16.4  0.1B

Subtidal 0.94  0.02B 0.05  0.04B 18.8  7.7B

YT Supratidal – 0.01  0.01B –
Intertidal 2.52  0.22A 0.04  0.02B 63.0  4.2A

Subtidal 1.08  0.01B 0.05  0.03B 21.6  2.8B

393
394 Processes regulating biogeochemical activity
395 The patterns of reduced biogeochemical activity in subtidal zones and enhanced activity in 
396 intertidal and supratidal zones are consistent with established conceptual models linking 
397 enhanced carbon cycling to environments that experience periodic redox fluctuations rather than 
398 persistently oxic or anoxic conditions.53–57 In WLD, supratidal and intertidal soils are subject to 
399 redox shifts driven by episodic flooding and tidal exchange, respectively, whereas subtidal soils 
400 remain primarily inundated and anoxic.58 Redox transitions in intermittently flooded soils can 
401 stimulate microbial metabolisms by increasing the availability of electron acceptors,59,60 promoting 
402 organic matter turnover,61–63 and regenerating reactive mineral phases,64,65 thereby driving both 
403 CO2 production and solute mobilization.59 Thus, delta regions representing later stages of island 
404 development (i.e., higher elevation relative to water level) are likely to support higher rates of 
405 biogeochemical activity than younger, predominantly subtidal areas. This linkage between 
406 elevation, inundation regime, and metabolic activity highlights the importance of geomorphic 
407 evolution in regulating carbon and nutrient cycling in active freshwater deltas.10

408
409 Successional development in WLD is further accompanied by systematic changes in soil 
410 chemistry and physical structure (Table 1).10,66  Younger, frequently inundated soils are dominated 
411 by dense, mineral-rich riverine sediments, characterized by low organic C (1.7–2.4%) and N 
412 (0.08–0.18%) concentrations, and high C:N ratios. In contrast, as island elevation increases and 
413 inundation frequency decreases, soils transition toward more organic inputs from emergent 
414 vegetation, resulting in higher C (2.8–5.1%) and N (0.14–0.52%) concentrations with lower C:N 
415 ratios.11,49,66 Reduced hydroperiods in supratidal and intertidal zones promote episodic oxygen 
416 exposure, enhance root penetration, and facilitate the development of more structurally complex 
417 and biogeochemically active soils.67–69 These transitions in soil composition and structure likely 
418 amplify redox variability and substrate availability,70 reinforcing higher rates of CO2 production and 
419 solute mobilization in intertidal and supratidal soils. Collectively, our results indicate that 
420 inundation regime may exert an important control on carbon cycling during deltaic evolution.
421
422 Phosphorus retention modified by Fe redox cycling
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423 The strong positive correlations between cumulative Fe2+ and P release (Figure 6a and d; 
424 regression analysis, p < 0.05) suggest a strong influence of Fe oxides on P solubility, although 
425 organic matter or other minerals may also play an important role. Variable inundation across WLD 
426 drives frequent redox oscillations58 that may promote the formation of SRO Fe oxides71 with 
427 available surfaces for binding phosphate.27,72 Further, persistent anoxia (i.e., due to inundation) 
428 has been linked to microbial respiration of Fe oxides, potentially releasing large amounts of 
429 phosphate from WLD soils with comparatively low releases under aerobic (e.g., drained) 
430 conditions.15 The Fe reducing conditions (<100 mV at pH 7), increasing pH, and fluctuating Fe2+ 
431 concentrations in our study (Figure 5d-f) were all key indicators of Fe redox cycling.73,74 Thus, we 
432 infer that Fe reductive dissolution was an important source of P to the soil porewater in our study. 
433 Soil Fe oxides may also affect DOC mobility through sorption and co-precipitation interactions 
434 with organic matter;17,75,76 however, Fe2+ and DOC correlations (Figure 6c-d) were weaker than for 
435 Fe2+ and P, and linear (regression analysis, p < 0.05) only for intertidal soils, indicating that Fe 
436 reductive dissolution had a stronger influence on P retention than on DOC.
437
438 Organic matter decomposition may have also influenced P mobility in our experiments, with 
439 release of organic-P into porewater providing available substrates for phosphate cleavage by 
440 phosphatase enzymes.77 Further, P may have interacted with species other than Fe oxides and 
441 organic matter entirely, including Ca, aluminum (Al), and non-oxide Fe. In coastal systems with 
442 high concentrations of Ca, Al, and dissolved Fe2+, phosphate can sorb to Al- and Ca-oxides72,78–80 
443 or precipitate with metal cations to form compounds including hydroxyapatite (Ca10(PO4)6(OH)2) 
444 and vivianite (FeII3(PO4)28H2O).81 Although these species can have a strong influence on P 
445 mobility in coastal wetlands, their capacity for P retention is determined primarily by changes in 
446 pH rather than fluctuations in Eh.82–84 For example, the optimal pH range for P fixation is ~5–6 for 
447 Al and ~8–9 for Ca,85 well outside the pH range in our study (6.4–7.7; Figure 5e). In addition, our 
448 linear regression analyses revealed progressively weaker correlations of p(P,Fe) > p(P,DOC) > 
449 p(P,Ca), while Al concentrations were below the instrumental detection limit in all samples (data 
450 not shown). Overall, our results do not rule out the potential role of pH, base cations, and organic 
451 matter in regulating P mobility,75,77,86 but support that Fe oxide cycling was the strongest contributor 
452 to P release of the measured analytes in our experiment.
453
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454
455 Figure 6. Correlations between cumulative Fe2+ and P, (b) Fe2+ and DOC, and (c) DOC and P 
456 release in intertidal and subtidal incubations. Error bars represent standard deviations of triplicate 
457 mesocosms. P values indicate goodness of fit for linear regression analysis (⍺ = 0.05). P values for 
458 significant linear correlations are shown in bold.
459
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460
461 Figure 7. Conceptual diagram of solute and carbon dioxide (CO2) dynamics under variable 
462 inundation of freshwater coastal soils. The shaded blue area represents the tidal range, with more 
463 frequently inundated areas shown in darker colors. The white dashed lines represent mean sea 
464 level (msl), high tide, and low tide. Arrows represent the release of dissolved organic carbon 
465 (DOC), total dissolved iron (Fe) and phosphorus (P), and CO2. Horizontal bars at the bottom of 
466 the figure indicate relative concentrations of total soil carbon and Fe(III) (oxyhydr)oxides. Note 
467 that porewater solutes could not be sampled in the supratidal soils.
468
469 Limitations to experimental approach
470 Due to logistical constraints, soil samples were frozen prior to analysis rather than analyzed fresh. 
471 Freezing can affect microbial activity87 and Fe mineral characteristics;88,89 however, all samples 
472 were treated identically and frozen for the same duration (~2 weeks), standardizing potential 
473 effects. Moreover, freezing has been shown to have minimal impact on overall soil biochemical 
474 properties.87,90,91 We observed no significantly elevated CO₂ fluxes at early timepoints, indicating 
475 freezing artifacts did not prominently affect our results. Additionally, any changes to Fe oxide 
476 concentrations would have occurred uniformly across treatments, leaving our relative 
477 comparisons across inundation conditions unaffected.
478
479 We also emphasize that our P measurements by ICP-OES quantify total P and cannot 
480 differentiate between inorganic P (i.e., phosphate) and P contained in organic matter (i.e., organic 
481 P). This is an important distinction because inorganic phosphate is the readily bioavailable form 
482 or P while organic-P must be enzymatically cleaved from organic matter prior to microbial 
483 uptake.92,93 As such, our data can reveal potential factors regulating P mobilization in emerging 
484 deltaic systems but cannot be used to directly infer bioavailability of the released P. 
485
486 Conclusions
487 Emerging freshwater deltas experience dynamic hydrological regimes that may influence the fate 
488 of C and nutrients being exported from inland to open water systems. As deltas emerge, elevation 
489 gradients form that affect the frequency of soil inundation and could alter the interactions of OC 
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490 and nutrients in the soil, and the biogeochemical processes that drive their transformation and/or 
491 release. This study improves our understanding of the potential influences of soil chemical 
492 properties and inundation on C and P release from emerging deltaic systems (Figure 7). Our 
493 results suggest that older delta regions may supports higher rates of biogeochemical activity in 
494 supratidal and intertidal eco-hydrogeomorphic zones, presumably due to differences in soil 
495 chemical properties. Furthermore, inundation-driven redox oscillations in intertidal zones can 
496 enhance the decomposition of soil organic matter into carbon dioxide and accelerate the turnover 
497 of Fe(III) (oxyhydr)oxide minerals. In subtidal zones, soil saturation may restrict O2 availability for 
498 OM decomposition and inhibit the formation of Fe-OC and Fe-P associations, exerting a stronger 
499 control over biogeochemical processes than soil properties. Microbial respiration of Fe oxides 
500 may be an important pathway for sustaining OM decomposition and P release under anoxic 
501 conditions. These results illustrate the interplay of hydrologic and geomorphic factors in delta 
502 soils, emphasizing the importance of emerging ecosystems as biogeochemical hotspots94,95 – 
503 where redox shifts from water level fluctuations cause repeated Fe reductive dissolution under 
504 oxic conditions and precipitation of SRO Fe oxyhydroxides under oxic conditions,71,96 As reactive 
505 Fe minerals can be a large part of total soil Fe in WLD and coastal ecosystems more broadly,17,97 
506 future work should address how Fe(III) phases will change over time, particular regarding their 
507 ability to influence carbon burial and buffer high nutrient loads from inland ecosystems.
508
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