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Abstract

Tidal marshes serve as critical carbon (C) sinks, yet face increasing threats from global
environmental changes. While previous research has documented how nitrogen (N) loading and
sea-level rise affect total C pools individually, their impacts on soil organic carbon (SOC)
stabilization remain critically underexplored, particularly when these factors co-occur in tidal
marsh ecosystems. Through a three-year field experiment, we analyzed how these factors, alone
and combined, impact SOC stabilization by examining SOC fraction dynamics. Results showed
that N loading increased particulate organic carbon (POC) by 18% and decreased mineral-
associated organic carbon (MAOC) by 13%, reducing SOC stabilization. Conversely, increased
inundation raised MAOC by 31% and decreased POC by 19%, promoting SOC stabilization. The
decreased MAOC under N loading stemmed from reduced fungal necromass C, while the
increased POC related to lower phenol oxidase activity. In contrast, with increased inundation,
MAOC rose due to iron-bound organic C (Fe-OC) accumulation, while POC declined from
increased phenol oxidase activity. When both factors were applied together, SOC stabilization
remained at control levels. This occurred because the combined effect maintained oxidative
enzyme activities and thus retained POC levels. The simultaneous reduction in fungal necromass
C and enhancement of Fe-OC associations established complementary mechanisms that
maintained MAOC at levels equivalent to control. Our findings reveal that N loading and increased
inundation drive contrasting patterns of SOC stabilization, while their combination produces
uniquely stabilized C dynamics. This insight challenges single-factor predictions and underscores
the importance of multi-factor experiments in understanding ecosystem responses under

concurrent global change scenarios.
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1 Introduction

Tidal marshes, influenced by marine tides and characterized by halophytic vegetation on
freshwater to saline mudflats, rank among the most productive ecosystems globally (Wang et al.
2021a; Macreadie et al. 2021). With carbon burial rates reaching 218 g-m2-yr~'—approximately
40 times higher than forest ecosystems—these environments serve as exceptional carbon (C) sinks
(Duarte et al. 2013; Macreadie et al. 2019; Sapkota and White 2021). Consequently, even minor
fluctuations in soil organic carbon (SOC) pools within tidal marshes could substantially impact
atmospheric CO2 concentrations (Campbell et al. 2022). As natural climate solutions, tidal marshes
offer significant potential for climate change mitigation through conservation and restoration
efforts worldwide (Hiraishi et al. 2014; Taillardat et al. 2020). However, impending global changes,
particularly nitrogen (N) loading and sea-level rise, threaten to fundamentally alter these critical
carbon reservoirs (Han et al. 2021). N loading has increased dramatically in coastal areas, with
oceanic discharges expanding at least tenfold since pre-industrial times (Breitburg et al. 2018).
Concurrently, global sea levels have risen 16-21 cm since 1900 and continue to increase
approximately 3.5 mm annually (Bagnell and DeVries 2023), intensifying inundation events in
tidal marshes (Luo et al. 2019; Sandi et al. 2021). Notably, these environmental stressors
frequently occur simultaneously in industrialized and densely populated coastal regions, which
experience both accelerated N loading and increased inundation from rising sea levels (Sapkota
and White 2021; Tong et al. 2024). While numerous studies have examined how total C pool

respond to each of these global changes individually, SOC stabilization dynamics under multiple



simultaneous stressors remain largely unexplored, particularly regarding potential interactive
effects when both factors operate concurrently.

SOC stabilization refers to the soil's capacity to efficiently retain SOC over extended periods
(Lehmann et al. 2020). Even soils currently exhibiting high SOC contents may not maintain these
levels under future global changes (Macreadie et al. 2021; Cotrufo et al. 2022). Consequently,
investigating SOC stabilization under projected climate scenarios provides greater insights than
merely studying SOC contents (Tang et al. 2023). While directly measuring SOC stabilization
remains challenging, analyzing different SOC fractions offers an effective approach for
understanding SOC stabilization mechanisms and predicting future outcomes (Lavallee et al.
2020). SOC can be physically separated into particulate organic carbon (POC, >53 pum) and
mineral-associated organic carbon (MAOC, <53 pum). POC primarily consists of aboveground
plant residues and root tissues (Angst et al. 2021) and remains vulnerable to enzymatic breakdown
and microbial decomposition (Whalen et al. 2022). In contrast, MAOC forms when small organic
molecules—either leached from plants or modified through microbial processes—become
stabilized through chemical bonding with soil minerals (Cotrufo et al. 2022). For instance, iron-
bound organic carbon (Fe-OC), a critical component of MAOC, develops through interactions
between organic carbon and iron oxide [Fe(IIl)] minerals (Bai et al. 2021; Hu et al. 2023). With
turnover times spanning decades to centuries, MAOC contributes substantially to long-term carbon
sequestration (Lavallee et al. 2020). The MAOC/POC ratio thus serves as a valuable indicator of
SOC stabilization potential, where higher ratios suggest enhanced carbon preservation capacity
(Sokol and Bradford 2019; Lavallee et al. 2020).

N loading and sea-level rise may influence SOC stabilization through several complex and

potentially contradictory mechanisms. While N loading typically enhances aboveground plant



biomass and plant-derived C inputs, potentially promoting POC formation (Huang and Hall 2017,
Liang et al. 2021), it can simultaneously accelerate decomposition of plant litter with high C/N
ratios, potentially reducing POC accumulation (Knorr et al. 2005; Chen et al. 2018). For MAOC
dynamics, enhanced N availability stimulates microbial processes that transform plant-derived C
into residues and metabolites readily associating with mineral surfaces, enhancing MAOC
formation (Liang et al. 2017; Cotrufo et al. 2013); yet contradictorily, N loading may decrease
fungal dominance due to increased nutrient availability, reducing soil fungal necromass—a key
contributor to MAOC (Widdig et al. 2020; Sun et al. 2023). Similarly, increased inundation
presents its own set of opposing mechanisms: it typically reduces plant biomass production,
potentially decreasing POC formation (Sandi et al. 2021), while simultaneously promoting
anaerobic conditions and suppressing oxidative C-acquiring enzyme activities, which may
conversely preserve POC (Freeman et al. 2001; Lavallee et al. 2020). For MAOC dynamics under
inundation, anaerobic conditions may hinder formation by affecting sorption and co-precipitation
of organic C compounds onto mineral surfaces (Hagh-Doust et al. 2023; Hu et al. 2023a), while
wetland plants often respond to inundation by enhancing oxygen transport through root
aerenchyma (Armstrong et al. 2000; Liu et al. 2021), potentially oxidizing the rhizosphere and
stimulating Fe(III) precipitation that binds organic C, thereby enhancing MAOC formation (Hu et
al. 2023; Tan et al. 2025). Given these complex and often contradictory mechanisms, the combined
effects of N loading and increased inundation may produce unexpected interactions rather than
simply additive outcomes, highlighting the necessity of multifactor field experiments to elucidate
the direction, magnitude, and mechanisms of carbon-climate feedback in tidal marsh ecosystems

under realistic global change scenarios.



To bridge this knowledge gap, here we investigated changes in SOC stabilization, represented
by the ratios of MAOC to POC, in response to N loading and increased inundation in a tidal marsh
ecosystem. To achieve this, we established four in-situ treatments: control, N loading (N),
increased inundation (I), and the combination of N loading and increased inundation (N-+I),
monitored over a three-year period. We hypothesized that: (i) N loading would decrease SOC
stabilization by increasing POC through enhanced plant biomass production and reducing MAOC
via a shift in microbial community composition towards a lower fungal/bacterial ratio; (ii)
increased inundation would similarly reduce SOC stabilization by promoting POC accumulation
through the suppression of C-acquiring enzyme activities under anaerobic conditions, while also
diminishing MAOC due to reduced soil Fe(IIl) concentrations; and (iii) the combined effects of N
loading and increased inundation would produce interactive effects on SOC stabilization that could
differ from predictions based solely on their individual effects. This study presents the first
experimental evidence of interactive effects between N loading and increased inundation on SOC
stabilization in tidal marshes, revealing mechanisms that challenge predictions based on single-
factor experiments and providing insights into how these ecosystems respond to concurrent global
changes. Understanding these interactive effects is critical for accurate C accounting in blue carbon
ecosystems and can inform evidence-based coastal management strategies under multiple global

change drivers.
2 Materials and Methods

2.1 Experiment design
The study site is located in the tidal marsh of Shanyutan in the Min River Estuary, southeast
China (119°34'12"-119°40'40"E, 26°00'36"—26°03'42"N). This region is characterized by a mean

annual precipitation of 1,200 to 1,740 mm and an average air temperature ranging from 19.8 to



21.3 °C (Luo et al. 2020). Dominated by the native tidal marsh species Cyperus malaccensis Lam.,
the study site is subjected to regular semi-diurnal tides with an inundation period of approximately
5-8 hours per day. Tidal water typically has a salinity of 4.2+2.5 psu (practical salinity units; Chen
et al. 2022).

Four treatments were established at the study site: control, N loading (N), increased
inundation (I), and a combination of N loading and increased inundation (N+I) (Figure 1). Twelve
square experimental weirs (each 1 m?) were randomly assigned to the four treatments, with each
treatment having three replicates. Each weir was constructed from four polypropylene walls, each
with a height of 100 cm, and buried 35 cm into the ground. The weirs were spaced 3 m apart to
minimize cross-contamination. After two weeks of operation, one experimental plot was damaged,
so we established a replacement plot outside the boardwalk to maintain the experimental design
integrity. All experimental plots remained subject to local tidal cycles throughout the study period.

For the inundation treatments (I and N+I), weirs were equipped with two holes (5 cm diameter)
drilled into their sides at ground level facing the sea (Figure S1). The first hole contained a one-
way check valve allowing passive entry of tidal water while restricting outflow, while the second
featured a 30 cm PVC pipe fitted with a floating ball valve that regulated drainage during ebb tides
(Cherry et al. 2015). This design extended inundation duration by approximately 6 hours and
increased water height by 6.5 cm compared to non-inundation treatments (Figure S1), simulating
approximately 20 years of future sea-level rise based on the local rate of 3.2 mm yr ! (Hu et al.
2023). In contrast, control and N loading treatment weirs contained a single unobstructed hole that
maintained natural tidal flow patterns without prolonged inundation.

For N loading treatments (N and N+I), we applied a mixed solution of NaNO3 and NH4Cl

(2:1 ratio) dissolved in 2 L of tidal creek water, reflecting the proportions of N forms typically



found at the study site (Tong et al. 2024). Solutions were applied biweekly following neap tide
ebb to maximize soil retention, followed by an additional 2 L of tidal water to wash any remaining
solution from plant surfaces onto the soil. The annual N application rate (48 g N-m2-yr!) was
approximately double the current total N loading in the Min River Estuary from atmospheric
deposition, runoff, and tidal exchange (Yu et al. 2019), representing a moderate eutrophication
scenario projected for similar coastal systems. To maintain consistent moisture conditions across
all treatments, non-N loading treatments (control and I) received 4 L of tidal water on the same
application schedule.
2.2 Sample collection

The experiment was initiated in November 2018 and concluded in August 2021, spanning
three years. Samples of plants and soils were collected during three distinct sampling events: July
2019 (after 240 d), August 2020 (after 630 d), and August 2021 (after 1000 d). Consistent seasonal
sampling across years minimizes the effects of seasonal variation on our measured parameters. We
chose summer sampling because summer represented the peak growing season when plant
productivity and microbial activity are maximized, providing optimal conditions to observe
treatment effects on soil C dynamics. During sampling, three soil cores measuring 10 cm in depth
were extracted from each weir using a steel soil sampler, as this surface layer is most directly
affected by both N deposition and inundation treatments, allowing us to capture the most
pronounced treatment effects. The soil subsamples for edaphic condition analysis and anaerobic
incubation were stored at 4 °C, while those for measuring microbial properties were frozen at
=20 °C.
2.3 Edaphic conditions

The soil moisture content and bulk density were determined by oven-drying the samples at



105 °C until they reached a constant weight. The concentrations of NH4" and NO3;~ were measured
using a flow injection analyzer (SAN++; Skalar Analytical, Breda, Netherlands). The salinity was
measured by a SALT 6+ salinity meter (Thermo Fisher Scientific, Waltham, MA, USA) with a
detection accuracy of 0.1 psu. The concentration of SO4?~ in the porewater was measured by ion
chromatography (Dionex 2100; Thermo Fisher Scientific, Waltham, MA, USA). The soil pH was
measured in situ with a pH meter (No. pH400; Spectrum Technologies Inc., Paxinos, PA, USA).
The concentration of dissolved organic carbon (DOC) was measured with a total organic C
analyzer (TOC-V CPH; Shimadzu Corp., Kyoto, Japan). The SOC and total nitrogen (TN) contents
were also measured with a Vario MAX CN elemental analyzer (Elementar Analysensysteme
GmbH, Hesse, Germany). Soil Fe(Il) and total Fe contents were detected by photometric analyses
using a spectrophotometer (Shimadzu UV-2450, Tokyo, Japan) (Kostka and Luther 1994). Soil
Fe(IIT) content was calculated by subtracting the Fe(Il) content from the total Fe. We used soil
Fe(III):Fe(II) ratios as a proxy of the potential of redox condition in this study (Liu et al. 2021).
2.4 Plant biomass and microbial properties

Plant samples were collected for biomass determination. The aboveground and belowground
portions were individually covered with nylon mesh bags (1 mm pore size) and washed, and then
dried at 65 °C to determine their biomass.

The bacterial and fungal biomasses were assessed by phospholipid fatty acid analysis (PLFA)
using a gas chromatograph (6890, Agilent, USA; Frostegard et al. 2011). The fatty acids were
analyzed to identify individual PLFAs. Each fatty acid was measured by comparing each fatty
acid's individual peak area to the internal standard C19:0. Based on their origins, several microbial
groupings were assigned to PLFA biomarkers. Different PLFA biomarkers were assigned to

specific functional microbial groups according to Fan et al. (2023).



Fluorometric analysis was used to quantify the activities of f-1,4-glucosidase (BG), whereas
colorimetric microplate assays were used to measure the activities of phenol oxidase (POX)
(Saiya-Cork et al. 2002). The activities of soil extracellular enzymes were measured using a
microplate reader (Hybrid Technology, USA).

The microbial necromass C (MNC) content was determined based on the amounts of amino
sugars (Liang et al. 2019). Amino sugars, including glucosamine (GluN), galactosamine (GalN),
and muramic acid (MurN), were quantified using a gas chromatograph (GC 2010 Plus, Shimadzu,
Japan). The relative preservation of fungal and bacterial necromass C (FNC and BNC) was
assessed using the glucosamine to muramic acid ratio. This calculation assumed a 1:2 molar ratio
of GluN to MurA in bacterial cells. The detailed calculations are provided using Equations 2 and

3 (Liang et al. 2019):

Fungal necromass = (GluN — 2 x 2y 17917 x 9 (2)
179.17 251.23
Bacterial necromass = MurA x 45 3)

Where 179.17 and 251.23 denote the molecular weights of GluN and MurA, respectively, while 9
and 45 are the conversion factors for GluN to fungal necromass C and MurA to bacterial necromass
C (Appuhn and Joergensen, 2006).
2.5 SOC fractions and stabilization

Using a wet sieving process, SOC was divided into POC and MAOC (Cotrufo et al. 2019).
In short, 50 mL of a 5% sodium hexametaphosphate solution was poured into a 50 mL
polycarbonate centrifuge tube containing 5 g of air-dried soil (< 2 mm). Samples underwent one
hour of shaking at 180 rpm. After the soil was dispersed, it was rinsed and placed on a 53-um sieve.
The fraction that passed through the sieve (< 53 pm) was collected as MAOC, while the portion

that stayed on the sieve (53-2,000 um) was collected as POC. Each fraction was oven-dried at



60 °C and its C concentration was measured. SOC stabilization was characterized by the ratios of
MAOC to POC (Lugato et al. 2021).

The Fe-OC was quantified by the citrate-bicarbonate-dithionite (CBD) method (Lalonde et
al. 2012). Each soil sample was split into two subsamples. One subsample was extracted using
1.85 mol-L ! sodium chloride and 0.11 mol-L ! sodium bicarbonate as the control group. The other
subsample was extracted using 0.27 mol-L™! trisodium citrate, 0.11 mol-L™! sodium bicarbonate,
and 0.1 mol-L™! sodium dithionite as the treatment group (Patzner et al. 2020). The SOC in these
subsamples were then determined using the Vario EL III elemental analyzer (Elementar, Hanau,
Germany). The difference in C content between the control and treatment groups represents Fe-
OC content.

2.6 Statistical analyses

The R program (version 4.1.3) was used to analyze the data. The data were log-transformed
before analysis if they did not pass the Shapiro-Wilk normality test. The effects of N loading and
increased inundation on edaphic conditions, plant biomass and microbial properties, as well as
SOC fractions and stabilization were analyzed using a linear mixed-effect model (LME) performed
with the “n/me” R function (Pinheiro et al. 2011). In these analyses, treatments and sampling times
were treated as fixed factors, and the plots were hierarchically arranged as random factors. When
the LME's results showed significant differences, a least-significant-difference (LSD) test was
conducted to elucidate multiple comparisons. The correlations between variables were assessed
using regression analysis with the “/m” function in R, with statistical significance set at p < 0.05.

Random Forest analysis was used to ascertain the main drivers controlling SOC fractions with
the “randomForest” function in “rfPermute” R packages (Liaw and Wiener 2002; Archer 2016).

Furthermore, we evaluated the models’ significance and used the “43” R package to cross-validate



12 using 5000 possible combinations of the response variables (Fortmann-Roe 2013).

Structural equation modeling (SEM) was utilized to gain a mechanistic understanding of how
N loading and increased inundation affect SOC stabilization using the “piecewiseSEM” R package
(Lefcheck 2016). Shipley’s d-separation test was used to evaluate the goodness-of-fit of the SEM
with Fisher’s C statistic and Akaike’s information criterion (AIC) for small sample size as an

additional guide (Rosseel 2012; Shipley 2013).

3 Results

3.1 Treatment effectiveness assessments

Our results showed that N loading significantly increased concentrations of NO3~, NH4", TN
while decreasing C/N ratios (Table 1), confirming the effectiveness of our N loading treatment.
However, increased inundation did not significantly alter soil bulk density, moisture content,
salinity, pH, or sulfate concentrations (Table 1). The absence of differences in soil bulk density
and moisture content between treatments did not suggest experimental failure. Our study site
experienced regular tidal flooding (twice daily), and the tidal marsh soils contain high clay content
that efficiently retain water even during low tide periods, with soils maintaining consistently high
moisture levels under natural conditions. Although soil moisture measurements didn't reveal
significant differences, the extended daily submergence time was perceived by plants, triggering
higher root oxygen loss, as indicated by higher soil Fe(IIl) and Fe(III)/Fe(II) ratios (Table 1). The
lack of difference in salinity, pH, or sulfate concentrations between treatments indicated our
inundation treatment did not involve changes in salinity (Table 1).
3.2 Changes in SOC fractions, pool, and stabilization

Across four treatments, POC ranged from 4.2 to 8.4 g-kg™! (Figure 2a), whereas MAOC and

Fe-OC ranged from 7.6 to 15.3 g-kg ' and from 2.5 to 8.3 g-kg !, respectively (Figures 2b-c).



POC constituted 22—42% of SOC (Figure 2d), while MAOC and Fe-OC contributed 37—73% and
13—39% of SOC, respectively (Figures 2e-f). N loading significantly increased POC by 18% but
reduced MAOC by 13% (Figures 2a-b). In contrast, increased inundation led to a 19% reduction
in POC, while enhancing MAOC and Fe-OC by 31% and 69%, respectively (Figures 2a-c). The
combined effect of N loading and increased inundation did not result in significant changes to POC
and MAOC (Figures 2a-b). However, the combined effect increased Fe-OC (Figure 2c¢).

Neither treatment, sampling time, nor their combination affected total SOC pool (Figure 3a).
However, SOC stabilization varied across treatments (Figure 3b). Specifically, N loading
decreased both SOC stabilization, while increased inundation enhanced it (Figure 3b). The
combination of N loading and increased inundation, however, did not significantly impact SOC
stabilization (Figure 3b). The total SOC pool was unrelated to SOC stabilization (Figure 3c¢).

3.3 Environmental drivers of SOC fractions

N loading did not change either aboveground or belowground biomass (Table 2). Increased
inundation did not alter aboveground biomass but increased belowground biomass (Table 2). N
loading reduced fungal/bacterial ratios, phenol oxidase activity and fungal necromass C, while
increased inundation elevated activities of both phenol oxidase and B-1,4-glucosidase (Table 2).
Increased inundation did not significantly affect fungal necromass C, however, the combined
effect of increased inundation and N loading decreased fungal necromass C (Table 2).

We conducted the Random Forest modeling to screen the potential edaphic, plant and
microbial drivers of POC, MAOC and Fe-OC (Figures 4a-c). For POC, microbial drivers
dominated (51%), followed by edaphic drivers (37%) and plant drivers (12%). MAOC showed a
more balanced distribution between edaphic drivers (42%) and microbial drivers (40%), with plant

drivers contributing 18%. For Fe-OC, edaphic drivers were most influential (55%), while



microbial drivers accounted for 35% and plant drivers 10%. The Random Forest modeling
revealed that fungal/bacterial ratios, phenol oxidase and B-1,4-glucosidase activities were the
dominant factors affecting POC (Figure 4a). In contrast, the primary drivers for MAOC were
fungal necromass C, belowground biomass, and soil Fe(Ill) concentrations (Figure 4b). For Fe-
OC, soil Fe(Ill) concentrations were identified as the key drivers (Figure 4c). Specifically, POC
was negatively associated with fungal/bacterial ratios, phenol oxidase activities and B-1,4-
glucosidase activities (Figures 4d-f). Conversely, MAOC was positively correlated with
belowground biomass, fungal necromass C and soil Fe(Ill) concentrations (Figures 4g-i).

We performed structural equation modeling (SEM) to further explore how N loading and
increased inundation regulate SOC stabilization (Figure 5a). Our initial SEM considered how N
loading and increased inundation affected edaphic conditions [soil Fe(III)], belowground biomass,
and microbial properties (including fungal necromass C, fungal/bacterial ratios, and phenol
oxidase activities), with these three factor categories then influencing SOC stabilization (Figure
S2). However, this initial model did not achieve a satisfactory fit (p < 0.05). According to our
Random Forest modeling, SOC fractions was strongly driven by soil Fe(IlI) concentrations, fungal
necromass C, fungal/bacterial ratios, phenol oxidase, and belowground biomass (Figures 4a-i),
prompting us to construct a revised path-analysis model. Therefore, in the refined model, we
positioned N loading and increased inundation as first-tier factors, fungal/bacterial ratios and
belowground biomass as second-tier factors, which in turn influenced C-acquiring enzyme
activities, fungal necromass C, and soil Fe(Ill) as third-tier factors, ultimately affecting SOC
stabilization (fourth tier). We achieved the final model by eliminating direct pathways from N
loading and sea-level rise to SOC stabilization, as well as removing direct effects from

fungal/bacterial ratios and belowground biomass (Figure S3). Our final model demonstrated



excellent fit statistics (Fisher's C = 80.16, df = 28, p = 0.104, AIC = 155). Specifically, N loading
reduced fungal/bacterial ratios (path coefficient = —0.30), which were positively associated with
both C-acquiring enzyme activities (0.51) and fungal necromass C (0.53). Conversely, increased
inundation enhanced belowground biomass (0.64), which positively influenced soil Fe(III) (0.63)
and C-acquiring enzyme activities (0.33). Fungal necromass C (0.35), C-acquiring enzyme
activities (0.39), and soil Fe(Ill) (0.39) influenced SOC stabilization. This optimized SEM
successfully captured the relationships between our variables of interest, revealing that N loading
had a negative effect (—0.12) on SOC stabilization, whereas increased inundation had a positive

influence (0.24) (Figure 5b).
4 Discussion

4.1 Individual effect of N loading on SOC stabilization

Consistent with our Hypothesis I, N loading decreased SOC stabilization (Figure 3b),
resulting from an increase in POC (Figure 2a) and a decrease in MAOC (Figure 2b). However,
the underlying mechanisms differed partially from our initial hypothesis. Contrary to our
hypothesis that N loading would increase POC through enhancing plant biomass, we found no
significant changes in either above- or belowground biomass under N loading (Table 2). This
unexpected finding indicated our study site was not N-limited, differing from many tidal marshes
but aligning with P limitation commonly observed in subtropical tidal marshes (Fan et al. 2023).
Instead, our Random Forest analysis identified fungal/bacterial ratios and phenol oxidase activity
as the primary factors influencing POC (Figure 4a). SEM analyses revealed that N loading shifted
microbial community composition from fungal to bacterial dominance (Figure 5a), a change
attributed to the competitive advantage bacteria (copiotrophs) gain over fungi (oligotrophs) in N-

enriched environments (Norris et al. 2021; Wang et al. 2021b). The decreased fungal/bacterial



ratios strongly correlated with reduced oxidative enzyme activity (Figures 5a, S4b), which was
consistent with fungi being the primary producers of this enzyme (Sinsabaugh 2010; Zavarzina et
al. 2018). As phenol oxidase degrades lignin-rich compounds that constitute the majority of POC
(Sinsabaugh 2010), the reduction in this enzyme activity significantly impaired POC
decomposition processes. Therefore, despite unchanged plant inputs, this impaired decomposition
pathway resulted in POC accumulation under N loading conditions (Liang et al. 2021).
Consistent with our hypothesis that N loading would decrease MAOC through reduced fungal
necromass contribution, SEM analyses confirmed a significant relationship between decreased
fungal/bacterial ratios and reduced SOC stabilization (Figures 5a-b). The fungal/bacterial ratios
strongly correlated with fungal necromass production (Figures 5a, S4a). This relationship operates
through the 'microbial carbon pump' mechanism (Liang 2020), whereby soil microorganisms
transform plant-derived C into microbial biomass through metabolic processes, which
subsequently becomes microbial necromass upon cell death (Sokol and Bradford 2019; Lavallee
et al. 2020; Li et al. 2022). In our control treatment, fungal necromass exceeded bacterial
necromass approximately 8-fold (Table 2), attributable to fungi's greater biomass and extended
lifespan (Mou et al. 2021). Consequently, the substantial decrease in fungal necromass outweighed
the unchanged bacterial necromass under N enrichment (Table 2). This reduction in
fungal/bacterial ratios under N loading significantly diminished the total microbial necromass
available for mineral interaction, thereby reducing MAOC formation (Sokol and Bradford 2019).
In summary, N loading decreased SOC stabilization primarily through altering microbial
community composition—specifically reducing fungal/bacterial ratios—which simultaneously
increased POC through reduced oxidative enzyme activity and decreased MAOC through

diminished fungal necromass production. These results highlighted the critical role of microbial



community composition in mediating soil C dynamics in tidal marshes under N loading in non-N
limited tidal marsh systems.
4.2 Individual effect of increased inundation on SOC stabilization

Contradicting Hypothesis II, our results showed that increased inundation enhanced SOC
stabilization (Figure 3b), resulting from a decrease in POC (Figure 2a) and an increase in MAOC
(Figure 2b). Contrary to our hypothesis that increased inundation would promote POC
accumulation through suppressed oxidative enzyme activities under anaerobic conditions, we
observed a significant decrease in POC (Figure 2a), accompanied by an increase in phenol oxidase
activity (Table 2). The plant adaptation response to inundation could provide a mechanistic
explanation for these unexpected results. The soil Fe(IIT)/Fe(II) ratios increased significantly under
inundation conditions (Table 1), indicating enhanced root oxygen loss despite elevated water
levels—a phenomenon previously documented in the plant species present at our study site (Hu et
al. 2023a). This occurred because vascular wetland plants adapt to inundation by increasing
belowground biomass (Table 2) and thereby enhancing oxygen transport through root acrenchyma
(Armstrong et al. 2000; Liu et al. 2021). This process, known as root oxygen loss, produces
oxidizing agents such as hydroxyl radicals (-HO), Oz, and H20z2 in the rhizosphere (Fenner and
Freeman 2011; Yu and Kuzyakov 2021), which directly stimulate phenol oxidase activity (Figure
5a), as these enzymes require oxygen to function effectively. As proof, we found increased phenol
oxidase activity (Table 2). This enhancement in oxidative enzyme function accelerated POC
decomposition, consequently reducing POC concentrations rather than promoting their
accumulation as initially hypothesized.

The observed increase in MAOC under inundation supported the alternative mechanism

mentioned in our introduction regarding Fe-OC associations. Our results showed soil Fe(III)



concentrations increased significantly under inundation (Table 1), which strongly correlated with
MAOC (Figure 41). The increased oxidizing agents in the soils not only stimulated phenol oxidase
activity but also promoted Fe(IIl) precipitation (Naughton et al. 2023). These Fe(III) minerals
generally form around marsh plant roots with larger specific surface area, which stabilized labile
C compounds (e.g., root exudates) through adsorption, facilitating Fe-OC associations (Lalonde et
al. 2012; Jeewani et al. 2020). Unlike our findings with N loading, we did not observe significant
changes in fungal necromass C under increased inundation (Table 2), indicating that changes in
microbial necromass played an unimportant role in MAOC enhancement in this treatment. This
result suggested that the mineral-associated pathway, particularly Fe-OC associations, was the
dominant mechanism for enhanced MAOC formation under increased inundation.

In summary, increased inundation enhanced SOC stabilization primarily by altering plant C
allocation patterns—specifically increasing belowground biomass and oxygen transport—which
simultaneously decreased POC through enhanced oxidative enzyme activity and increased MAOC
through elevated Fe(IIl) concentrations and Fe-OC associations. These results highlighted the
important but often overlooked role of plant adaptations in mediating soil C responses to
inundation in tidal marsh ecosystems.

4.3 Combined effect of N loading and increased inundation on SOC stabilization

Contrary to Hypothesis III, our results demonstrated that the combined N loading and
increased inundation resulted in no significant changes in either POC or MAOC compared to the
control treatment (Figures 2a-b). Consequently, SOC stabilization was maintained at control levels
despite the dual stressors (Figure 3b). Our Random Forest analysis identified soil C-acquiring
enzyme activities as the primary factors influencing POC (Figure 4a). When examining individual

treatments, N loading significantly reduced phenol oxidase activity, leading to POC accumulation,



while increased inundation enhanced phenol oxidase activities, resulting in POC reduction
(Figures 6a-b). Remarkably, under the combined N+I treatment, the enzyme activities showed no
significant differences from control conditions (Table 2), confirming that the stimulatory effect of
increased inundation on oxidative enzyme activity effectively counterbalanced the inhibitory effect
of N loading (Figure 6¢). This enzymatic equilibrium under combined treatments explained why
POC remained at levels similar to the control treatment.

MAOC likewise showed no significant change under combined treatments, but through
different counteracting mechanisms (Figure 6¢). Our results revealed that N loading decreased
fungal necromass C, a key contributor to MAOC formation (Table 2). Meanwhile, increased
inundation promoted Fe-OC associations that contribute to MAOC (Figure 2c). Under the
combined treatment, fungal necromass C remained significantly lower than control, similar to the
N treatment alone (Table 2), whereas Fe-OC levels remained significantly elevated compared to
control treatment (Figure 2¢). Our results suggested that the increase in Fe-OC associations under
combined treatments effectively compensated for the decrease in fungal necromass C, resulting in
MAOC levels comparable to control (Figure 6¢).

In summary, our results demonstrate that when N loading and increased inundation occur
simultaneously, their opposing effects on key soil processes create a counterbalancing effect that
maintains SOC stabilization at levels similar to undisturbed conditions. This unexpected outcome
highlights the importance of multifactor experiments in predicting ecosystem responses to
concurrent global change drivers, as interactive effects can differ substantially from predictions

based on single-factor studies.



4.4 Implication for future management under global changes

In our study, we discovered that despite no significant changes in total SOC contents under
our two global change treatments (Figure 3a), SOC stability exhibited substantial variations
(Figure 3b). We found no inherent correlation between stability and contents (Figure 3c). The
counteracting effects of N loading and increased inundation suggested that in regions experiencing
both sea-level rise and N enrichment, the impact on SOC dynamics may be less detrimental than
initially anticipated compared to areas exposed to only one of these global changes (Knorr et al.
2024). This insight offers new directions for developing targeted management strategies in tidal
marsh ecosystems affected by different combinations of global change factors. For tidal marshes
facing substantial N loading, hydrological management approaches could help mitigate negative
effects on SOC stabilization. Strategies such as dike removal, surface elevation adjustments, tidal
exchange restoration, and introducing freshwater through artificial channels could increase
inundation and thus promote SOC stabilization by enhancing oxidative enzyme activity and Fe-
OC associations (Ji et al. 2024). Conversely, in tidal marshes experiencing rapid sea-level rise
without significant N enrichment, carefully increasing nutrient inputs could help protect vulnerable
unstable C, thereby supporting overall SOC preservation (Zang et al. 2024).
4.5 Knowledge gaps and future research priorities

Despite the insights gained from this study, several knowledge gaps remain that warrant
further investigation. First, while our multifactor design with a single N loading and inundation
level simplified the analysis of independent factors, this approach may not fully capture the
complexity of natural ecosystems (Kleine et al. 2021; Chen et al. 2022; Hu et al. 2023a). Future
research should incorporate multiple gradients of N loading and inundation to better understand

potential threshold effects and non-linear responses. Second, N deposition in natural systems



typically consists of chronic, low-dose inputs, unlike the high-pulse N inputs in our experiment.
Research has shown that ecosystems respond differently to continuous, low-dose inputs compared
to sporadic, high-pulse inputs (Cao et al. 2020). Therefore, future studies should investigate the
long-term effects of various N loading patterns on tidal marsh carbon dynamics. Third, our
experiment employed passive weirs to assess the impact of increased inundation on SOC
stabilization, which extended inundation frequency but did not raise inundation depth. Considering
the potential effects of inundation depth on plant growth and photosynthetic conditions, we
recommend utilizing active weirs (increasing both inundation frequency and depth) in future work
(Cherry et al. 2015). Fourth, our experiment lasted only three years, which may be insufficient to
capture the full ecosystem response. Both plants and soil microorganisms require longer periods
to acclimate to environmental changes (Kleine et al. 2021). The short-term duration limited our
ability to thoroughly evaluate the long-term effects of N loading and increased inundation on soil
C cycling in tidal marsh ecosystems (Averill and Waring 2018). Finally, our study was conducted
at a single subtropical tidal marsh site with phosphorus limitation, which differs from many
nitrogen-limited tidal marshes globally. Multi-site experiments across different geographic regions
and nutrient limitation conditions would provide more comprehensive insights into the interactive
effects of global change factors on blue carbon ecosystems. Despite these knowledge gaps, our
results demonstrated distinct differences in SOC stabilization mechanisms within tidal marshes
under N loading, increased inundation, and their combination. These findings underscore the
necessity for targeted management strategies and further research to effectively conserve these

valuable blue carbon ecosystems under multiple global change drivers.

5 Conclusion



Our three-year in situ experiment has unveiled novel insights into the complex dynamics of
SOC stabilization in response to N loading and increased inundation in a subtropical tidal marsh.
Our findings highlighted that N loading increased POC and decreased MAOC, thereby decreasing
SOC stabilization. In contrast, increased inundation raised MAOC and reduced POC, leading to
an increase in SOC stabilization. Interestingly, the combined effect of N loading and increased
inundation had no significant impact on SOC stabilization, challenging conventional assumptions
about the additive effects of multiple stressors. This unexpected finding suggested that in regions
facing both sea-level rise and N enrichment, SOC storage and its stabilization may be less
adversely affected than initially expected, especially compared to areas experiencing only one of
these global changes. The combined effects of these two global change drivers produced a unique
response that could not be predicted from their individual impacts alone, underscoring the
complexity of ecosystem responses to multiple environmental pressures. Our findings underscore
the critical necessity of multifactor experiments for accurately predicting soil C dynamics in an
era when tidal ecosystems simultaneously face numerous global change stressors, while also
establishing a novel framework for understanding and enhancing coastal wetland resilience under

accelerating environmental change.
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Figure caption

Figure 1 Experiment design. Location of the study area (a, b). Layout of the four experimental

treatments: control, nitrogen loading (N), increased inundation (I), and the combination of
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nitrogen loading and increased inundation (N+I) (c). Photos of the experimental site (d), side ()
and plan (f) views of weir.

Figure 2 Soil organic carbon fractions. Effects of nitrogen loading, increased inundation, and
their combined impact on SOC fractions (a to ¢) and their proportions in total SOC (d to e). A
linear mixed-effects (LME) model was used to estimate the effect of treatments and sampling
times on SOC fractions and their proportions. Treatments and times were treated as fixed factors,
and the plots were hierarchically arranged as random factors. When the LME's results showed
significant differences, a least-significant-difference (LSD) test was conducted to elucidate
multiple comparisons. Asterisks denote significant differences across treatments (*p < 0.05;

*¥p <0.01; ***p <0.001). SOC: soil organic carbon; POC: particulate organic carbon; MAOC:
mineral-associated organic carbon; Fe-OC: iron-bound organic carbon. froc: the proportion of
POC in SOC; fmaoc: the proportion of MAOC in total SOC; fre-oc: the proportion of Fe-OC in
SOC; N: nitrogen loading; I: increased inundation; N+I: combination of nitrogen loading and
increased inundation.

Figure 3 Soil organic carbon contents and stabilization. Effects of nitrogen loading, increased
inundation, and their combined impact on SOC contents and stabilization (a to b) and the
relationships among these two variables (¢). A linear mixed-effects (LME) model was used to
estimate the effect of treatments and sampling times on SOC contents and stabilization (a to b).
Treatments and times were treated as fixed factors, and the plots were hierarchically arranged as
random factors. When the LME’s results showed significant differences, a least-significant-
difference (LSD) test was conducted to elucidate multiple comparisons. Asterisks denote
significant differences across treatments (*p < 0.05; **p <0.01; ***p <0.001). SOC
stabilization: the ratio of MAOC to POC; N: nitrogen loading; I: increased inundation; N-+I:
combination of nitrogen loading and increased inundation.

Figure 4 Environmental drivers of soil organic carbon fractions. Random Forest model
evaluated the importance (percentage increase in the mean squared error) of edaphic, plant,
and microbial variables as drivers of SOC fractions (a to ¢). Relationship between SOC
fractions and selected drivers (d to 1). The orange, purple and green in panels a to ¢
represent plant, edaphic and microbial variables, respectively. Significance levels are as

follows: *p <0.05; **p <0.01; ***p <0.001. POC: particulate organic carbon; MAOC:



mineral-associated organic carbon; Fe-OC: iron-bound organic carbon; N: nitrogen loading; I:
increased inundation; N+I: combination of nitrogen loading and increased inundation.

Figure 5 Impact of nitrogen loading and increased inundation on soil organic carbon
stabilization. Structural equation model outcomes of expected causal relationships (a). The
standardized effects on the SOC stabilization (b). Arrows in panel (a) indicate the hypothesized
direction of causation. Red and blue solid arrows in panel (a) reflect positive and negative
relationships, respectively. The width of arrows is proportional to the strength of the relationship.
The numbers adjacent to the arrows in panel (a) are the standardized path coefficients. The
dotted arrows in panel (a) indicate insignificant relationships. r? indicates the proportion of
variations explained for the dependent variable. SOC: soil organic carbon; Fe(III): iron oxides;
FNC: fungal necromass carbon; EEAs: extracellular enzyme activities; BGB: belowground
biomass; F/B: fungal/bacterial ratios.

Figure 6 Conceptual diagram illustrating the mechanisms by which nitrogen loading,
increased inundation, and their combined effects influence soil organic carbon stabilization
in a subtropical tidal marsh. (a) Individual effect of nitrogen loading on soil carbon cycling.
(b) Individual effect of increased inundation on soil carbon cycling. (¢) Combined effect of
nitrogen loading and increased inundation on soil carbon cycling. POC: particulate organic
carbon; MAOC: mineral-associated organic carbon; Fe-OC: iron-bound organic carbon; SOC:

soil organic carbon.
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Figure 2 Soil organic carbon fractions. Effects of nitrogen loading, increased inundation,
and their combined impact on SOC fractions (a to ¢) and their proportions in total SOC (d to
e). A linear mixed-effects (LME) model was used to estimate the effect of treatments and
sampling times on SOC fractions and their proportions. Treatments and times were treated as
fixed factors, and the plots were hierarchically arranged as random factors. When the LME's
results showed significant differences, a least-significant-difference (LSD) test was
conducted to elucidate multiple comparisons. Asterisks denote significant differences across
treatments (*p < 0.05; **p <0.01; ***p <0.001). SOC: soil organic carbon; POC:
particulate organic carbon; MAOC: mineral-associated organic carbon; Fe-OC: iron-bound
organic carbon. froc: the proportion of POC in SOC; fmaoc: the proportion of MAOC in
total SOC; fre-oc: the proportion of Fe-OC in SOC; N: nitrogen loading; I: increased

inundation; N+I: combination of nitrogen loading and increased inundation.
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Figure 3 Soil organic carbon contents and stabilization. Effects of nitrogen loading, increased inundation, and their combined impact on SOC

contents and stabilization (a to b) and the relationships among these two variables (c). A linear mixed-effects (LME) model was used to estimate

the effect of treatments and sampling times on SOC contents and stabilization (a to b). Treatments and times were treated as fixed factors, and

the plots were hierarchically arranged as random factors. When the LME’s results showed significant differences, a least-significant-difference

(LSD) test was conducted to elucidate multiple comparisons. Asterisks denote significant differences across treatments (*p < 0.05; **p <0.01;

*#%p <0.001). SOC stabilization: the ratio of MAOC to POC; N: nitrogen loading; I: increased inundation; N+I: combination of nitrogen
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Figure 4 Environmental drivers of soil organic carbon fractions. Random Forest model

evaluated the importance (percentage increase in the mean squared error) of edaphic,

plant, and microbial variables as drivers of SOC fractions (a to c¢). Relationship between
SOC fractions and selected drivers (d to 1). The orange, purple and green in panels a to

c represent plant, edaphic and microbial variables, respectively. Significance levels are

as follows: *p <0.05; **p <0.01; ***p <0.001. POC: particulate organic carbon;

MAOC: mineral-associated organic carbon; Fe-OC: iron-bound organic carbon; N: nitrogen

loading; I: increased inundation; N+I: combination of nitrogen loading and increased

inundation.
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Figure 5 Impact of nitrogen loading and increased inundation on soil organic carbon
stabilization. Structural equation modeling outcomes of expected causal relationships (a).
The standardized effects on the SOC stabilization (b). Arrows in panel (a) indicate the
hypothesized direction of causation. Red and blue solid arrows in panel (a) reflect positive
and negative relationships, respectively. The width of arrows is proportional to the strength of
the relationship. The numbers adjacent to the arrows in panel (a) are the standardized path
coefficients. The dotted arrows in panel (a) indicate insignificant relationships. 12 indicates
the proportion of variations explained for the dependent variable. SOC: soil organic carbon;
Fe(III): iron oxides; FNC: fungal necromass carbon; EEAs: extracellular enzyme activities;

BGB: belowground biomass; F/B: fungal/bacterial ratios.
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carbon; MAOC: mineral-associated organic carbon; Fe-OC: iron-bound organic carbon; SOC:

soil organic carbon.

Table 1 Effects of nitrogen loading (N), increased inundation (I), and the combination of
nitrogen loading and increased inundation (N+I) on edaphic conditions at 240 days, 630 days,
and 1000 days (n = 3). N: nitrogen loading; I: increased inundation; N+I: combination of
nitrogen loading and increased inundation.

. . Treatments

Variables Time (d) Control N I NAT »

Bulk density 240 1.24+0.1 1.1+£0.0 1.1+£0.0 1.2+0.0 Treatment 7.s.

(g-cm™) 630 1.2+0.1 1.2+0.1 1.2+0.1 1.2+0.1 Time n.s.
1000 1.2+0.1 1.3+0.0 1.2+0.1 1.2+0.0 Interactionz.s.
Average 1.2+0.1A 1.2+0.1A  1.2+0.1A 1.2+£0.1A

Moisture content 240 47.7+£3.3 50.2+3 .4 47.6+4.0 48.5+4.2 Treatment 7.s.

(%) 630 46.3+4.5 45.8+3.1 48.8+2.6 48.2+2.3 Time n.s.
1000 48.1+6.6 492423 47.2+5.2 45.549.1 Interactionz.s.
Average 47.4+44A 48.4+33A 47.9+3.6A 47.4+£5.3A

Salinity 240 3.1+0.4 3.2+0.3 2.7+0.4 2.9+0.6 Treatment n.s.

(practical 630 2.6+0.3 2.3+£0.4 2.2+0.2 2.5+0.3 Time *

salinity units) 1000 3.1£0.4 2.8+0.1 1.9+0.8 2.6+0.7 Interactionz.s.
Average 2.9+04A  2.8+0.4A  2.3+0.6A 2.7+£0.5A

S04 240 0.2+0.0 0.2+0.0 0.2+0.0 0.2+0.0 Treatment 7.s.

(mmol-L ) 630 1.6+£0.4 1.6+0.4 1.5+0.3 1.5+0.1 Time hokok
1000 1.4+0.1 1.4+0.1 1.4+0.4 1.4+0.1 Interactionzn.s.
Average 1.0+0.7A 1.1£0.7A  1.0+0.7A 1.0+0.6A

pH 240 6.7+0.7 7.2+0.4 6.5+0.3 6.9+0.6 Treatment n.s.
630 6.9+0.3 6.7+0.3 6.5+0.9 6.5+0.5 Time n.s.
1000 6.5+0.8 6.1£0.9 7.1£0.2 6.8+0.5 Interactionz.s.
Average 6.7+0.6A  6.6£0.7A  6.7+0.6A 6.7+0.5A

Fe(III) 240 85.4+5.2 77.5£2.5 101.8+13.2 88.1+£9.9 Treatment ***

(umol-g™) 630 59.84+8.9 56.5+5.5 79.9+12.9 67.5+3.4 Time koK
1000 72.1+£3.6 76.2+14.3 100.9+7.2 80.9+3.1 Interactionz.s.
Average 72.4+12.4B 70.1£12.8B 94.2+14.6A  78.8+10.6AB

Soil 240 2.6£0.5 3.0+0.1 3.9+0.3 2.84+0.6 Treatment ***

Fe(IlT)/Fe(I) 630 1.9+0.3 1.3+£0.2 2.8+0.7 2.0+0.2 Time koK

ratios 1000 1.3+0.3 2.2+0.4 2.940.2 2.0+£0.3 Interactionz.s.
Average 1.9+0.6B  2.2+0.8B  3.2+0.6A 2.3+0.5AB

Dissolved 240 289.4+43.2 362.2+80.6 480.9+35.6 481.1£70.5 Treatment ***

organic C 630 311.0£37.5 313.4+40.7 567.9+39.9 483.8462.0 Time n.s.

(mg-kg™) 1000 403.1£66.2 402.0+124.9 608.9£159.6 494.1+107.1 Interactionsn.s.
Average 334.5+68.2C 347.2+77.3C552.6+101.4AB486.4+71.4B

NOs3~ 240 2.3£1.0 4.7+1.0 1.9+1.3 3.1+0.3 Treatment ***

(mg-kg™) 630 2.4+0.5 5.0+0.5 1.940.8 3.9+0.7 Time *



1000 1.6+0.2 3.6+0.5
Average 2.1+0.7C  4.4+0.9A
NH4" 240 24.9+2.7 33.2+5.2
(mg-kg™") 630 23.1+8.4 32.6+4.7
1000 18.6+3.7 47.144.3
Average 22.2+5.6C 37.6+8.2A
TN (g'kg™) 240 2.1+0.1 2.3+0.0
630 2.3+0.1 2.9+0.2
1000 2.3+0.2 3.0+£0.2
Average 2.2+0.2B  2.7+0.3A
C/N ratios 240 9.2+0.4 8.0+0.4
630 8.8+1.1 7.0+1.3
1000 8.6+0.7 6.7+0.6
Average 8.9+0.7A  7.2+1.0B

1.7+0.8
1.8+0.9C
32.1+5.2
29.6£7.9
22.946.3
28.2+7.0BC
1.9£0.1
2.5+0.2
2.5+0.2
2.3+0.4B
10.9£1.0

7.9+£0.7
8.4+0.4
9.1£1.5A

2.7+0.2
3.2+0.7B
21.1£3.2
42.5+11.2
36.1+11.7
33.2+12.6AB
2.3+0.0
2.94+0.2
3.0£0.4
2.7+0.4A
8.4+0.7

7.3+0.8
7.1£1.1
7.6+1.0B

Interactionn.s.

Treatment ***
Time n.s.
Interaction**

Treatment ***
Time Hpok
Interactions.s.

Treatment ***
Time HEE

Interactionn.s.

n.s., not significant; *p < 0.05, **p < 0.01, and ***p < 0.001.

Different capital letters indicate significant differences across treatments.
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Table 2 Effects of nitrogen loading (N), increased inundation (I), and the combination of

nitrogen loading and increased inundation (N+I) on plant biomass and microbial properties at

240 days, 630 days, and 1000 days (n = 3). N: nitrogen loading; I: increased inundation; N+I:

combination of nitrogen loading and increased inundation.

Variables

Aboveground
biomass (kg-m™)

Belowground
biomass (kg-m™?)

Fungal biomass
(nmol-g™)

Bacterial biomass
(nmol-g™)

Fungal/bacterial
ratios

Fungal
necromass C

(gkg™)

Bacterial
necromass C

(gkg™)
B-1,4-glucosidase
(nmol-g -h™")

Phenol oxidase
(nmol-g -h™")

. Treatments
Time(d) - htrol N 1 N+ p
240 4.2+1.7 4.7+1.3 4.34+0.7 5.0+0.8 Treatment n.s.
630 4.3+1.0 43+09  3.8+0.6 3.4+0.5 Time n.s.
1000 4.3+1.5 4.5+1.2 4.0£0.5 4.2+0.7 Interaction n.s.
Average 4.3+t1.2A 4.5+1.0A 4.0£0.5A 4.2+0.9A
240 1.9+0.4 1.6+0.1 3.2+0.7 1.9+0.4 Treatment  ***
630 2.1+0.3 2.0+0.5 3.3x0.4 2.5+0.5 Time *ok
1000 2.240.1 2.4+0.6 2.9+0.2 2.5+£0.5 Interaction n.s.
Average 2.1£0.3B  2.0+0.5B 3.1+0.4A 2.3+0.5AB
240 0.3+0.1 0.2+0.0 0.440.0 0.2+0.0 Treatment *
630 0.3+0.0 0.3+0.1 0.4+0.2 0.3+0.1 Time n.s.
1000 0.4+0.0 0.3+0.0 0.3+0.1 0.4+0.0 Interaction n.s.
Average 0.3£0.1A 0.3+0.1B 0.4+0.1A 0.3+0.1AB
240 2.6+0.2 3.0£0.2  2.0+0.3 1.8+0.2 Treatment  ***
630 2.8+0.2 49+1.2 1.9+0.4 2.0+0.3 Time Hokok
1000 3.5+0.2 5.0+0.7 2.4+0.4 2.6£0.3 Interaction n.s.
Average 3.0+0.5B  4.3+1.2A 2.1+0.4C 2.1+0.5C
240 0.1£0.0 0.1+0.0 0.240.0 0.1+0.0 Treatment  ***
630 0.1+0.0 0.1£0.0  0.2+0.1 0.2+0.0 Time n.s.
1000 0.1+0.0 0.1£0.0  0.1+0.0 0.1+0.0 Interaction n.s.
Average 0.1£0.0AB 0.1+0.0B 0.2+0.1A 0.1+0.0AB
240 3.5+0.2 3.1+04  3.6£0.3 3.4+0.2 Treatment  ***
630 3.5+0.4 23+04 3.4+04 3.0+0.3 Time ok ok
1000 3.0+0.3 1.9+0.3 3.4+0.3 2.4+0.8 Interaction n.s.
Average 3.3+0.4AB 2.5+0.6C 3.5+0.3A 2.9+0.6BC
240 0.5+0.2 0.5£0.2  0.4+0.0 0.3+£0.0 Treatment
630 0.4+0.1 0.2+0.1 0.2+0.0 0.3+0.0 Time
1000 0.4+0.2 0.4+0.1 0.3+0.1 0.3+0.1 Interaction n.s.
Average 0.4+0.1A 0.4+0.2AB 0.3+0.1B 0.3+0.1B
240 3.5+£0.7 3.4+1.0 3.7+£0.5 3.3+0.7 Treatment  ***
630 3.7+1.0 3.3+0.7  5.4+1.7 4.5+0.7 Time ok ok
1000 2.7+0.8 3.4+0.1 4.1+£0.6 3.2+1.1 Interaction n.s.
Average 3.3£0.9B 3.4+0.6B 4.4+1.2A 3.7£1.0B
240 76.1£18.1 47.7£9.7 125.0£51.2 54.1+£15.3 Treatment ***
630 81.0+4.1 32.1+11.4 140.8443.7 81.0+£13.6 Time n.s.
1000 68.1£14.2 39.3+11.0 119.84£50.5 55.7£12.7 Interaction #.s.

Average 75.1+12.9B 39.7+11.5C128.6+43.1A 63.6+17.7B

n.s., not significant; *p < 0.05, **p < 0.01, and ***p < 0.001.
Different capital letters indicate significant differences across treatments.
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