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dissolved organic matter and inorganic nutrients from soil 
and litter into both pore water and the overlying water col-
umn (Gómez et al. 2012; Rodríguez et al. 2019; Marschner 
2021). In addition, drying increases oxygen penetration into 
surface soil, whereas rewetting and renewed submergence 
can rapidly deplete oxygen and re-establish anoxic condi-
tions, creating redox oscillations. These aerobic-anaerobic 
transitions may promote nitrification-denitrification and 
ammonification, affecting whether inorganic N is produced 
or removed (White and Reddy 2009; Matthews et al. 2023). 
P may similarly undergo adsorption-desorption or precipita-
tion, influenced by redox fluctuations (Schönbrunner et al. 
2012; Gu et al. 2018).

Furthermore, water-level regulation and hydrological 
variations in certain wetlands, such as constructed or reser-
voir-type systems, can amplify these DRW effects on C and 
nutrient cycling. DRW reshape sediment redox conditions, 

Introduction

Mechanistically, DRW can strongly influence nutrients and 
C fluxes, especially when plant litter is present. During dry-
ing, water limitation constrains diffusion and overall micro-
bial respiration, yet partial litter decomposition and the 
accumulation of microbial biomass and metabolites on litter 
surfaces can still occur (Xu et al. 2016; Zhang et al. 2024). 
Upon rewetting, physical fragmentation, microbial turnover, 
and enhanced enzyme activity collectively drive a pulse of 
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Abstract
This study used laboratory column microcosms with River Murray (Australia) wetland soils and water to examine how 
drying-rewetting (DRW) and river red gum (Eucalyptus camaldulensis) litter inputs interactively affect nitrogen (N), 
phosphorus (P), and carbon dynamics across soil, pore water, and overlying water. We quantified N and P species and 
dissolved organic carbon (DOC) under two water regimes (constant submergence versus DRW) with and without litter 
addition to resolve cross-compartment responses at the aquatic-terrestrial interface. DRW enhanced net inorganic-N mobi-
lization, resulting in pronounced post-rewetting pulses in pore-water and overlying-water N (especially NH4

+) compared 
to constant submergence, with concentrations gradually converging during prolonged inundation. Conversely, total P and 
inorganic P (Pi) were higher under constant submergence, consistent with sustained reducing conditions promoting P 
release in solution. Although litter inputs did not substantially alter total nutrient levels in overlying water, they shifted 
pore-water chemistry by increasing the proportion of inorganic P and strongly elevating DOC. Following rewetting, DOC 
increased sharply in litter-amended treatments, ~ 2.9-fold in overlying water and ~ 16.8-fold in pore water, compared with 
no-litter treatments. Litter addition also reduced nitrate availability in soil and pore water during resubmergence, consis-
tent with stronger microbial N retention and/or NO3

− consumption under rapidly re-established reducing microsites after 
rewetting. Overall, DRW and litter inputs interact to amplify short-lived C and N pulses while modifying P speciation, 
with implications for predicting nutrient availability and water-quality risk in wetlands experiencing increasingly variable 
hydrological regimes.
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organic matter accumulation, and microbial community 
structures (Li et al. 2024), and DRW events within fluctua-
tion zones can simultaneously enhance C mineralization and 
greenhouse gas emissions (Petrakis et al. 2017). However, 
it remains poorly understood how DRW interacts with plant 
litter inputs to jointly regulate C, N and P dynamics across 
multiple compartments (soil, pore water, and overlying 
water). This knowledge gap constrains our ability to predict 
nutrient availability and water-quality risk under increas-
ingly dynamic hydrological regimes (de Vicente 2021). In 
particular, field observations often lack the temporal reso-
lution and minimally invasive access required to resolve 
inter-compartment coupling and disentangle litter-driven 
responses from sediment processes (Kinsman-Costello et 
al. 2016; Leitner et al. 2017). Meanwhile, integrated labora-
tory microcosm experiments that quantify soil, pore water, 
and overlying water simultaneously remain limited. Such a 
holistic framework would provide deeper insights into how 
DRW influences the cycling and availability of C, N, and P 
across compartments both with and without organic litter 
(Xiang et al. 2008; Luo et al. 2020; Chen et al. 2020).

The River Murray is Australia’s largest river system, 
with a catchment area of over 1 million km2. River Murray 
wetlands typically maintain hydrological connectivity with 
the River Murray when river flows exceed approximately 
5 × 106 m3 day− 1, corresponding to water levels between 
+ 0.5 and + 1.0 m AHD (Australian Height Datum) in the 
lower reaches of the system. Below these flow thresholds, 
particularly during drought conditions, the wetland becomes 
disconnected, leading to substantial drying and biogeo-
chemical shifts (Paul et al. 2011). In the Murray-Darling 
Basin of Australia, seasonal droughts can persist for several 
weeks to months, followed by flood pulses that temporar-
ily inundate wetlands (CSIRO 2008; Finlayson et al. 2013). 
These DRW events create dynamic redox transitions, which 
can fundamentally alter N and P forms and fluxes in wetland 
soil and water. Furthermore, the leaf litter of river red gum 
(Eucalyptus camaldulensis), a dominant riparian species on 
the River Murray, typically has a high carbon-to-nitrogen 
(C: N) ratio (Esslemont et al. 2007). Such C-rich litter can 
increase microbial N demand and promote net immobili-
sation of inorganic N, particularly when readily degrad-
able C is available (Sawada et al. 2015). However, the net 
response depends on litter biochemical quality: recalcitrant 
compounds (e.g., lignin) and phenolic or tannin constituents 
in eucalypt litter or leachates may slow decomposition and 
suppress microbial activity, thereby attenuating or delay-
ing immobilisation and mineralisation (Vigo et al. 2024; 
Li et al. 2025). Concurrently, DRW-induced shifts toward 
anoxic conditions may facilitate microbial processes, such 
as iron reduction, releasing phosphate previously bound in 
sediments (McPhan et al. 2022). Nevertheless, there is a 

knowledge gap regarding how high C: N ratio litter inputs 
such as the river red gum leaves in Australian wetlands 
can simultaneously affect nutrient cycling across soil, pore 
water, and overlying water under DRW conditions.

The aim of this study was to conduct an integrated labo-
ratory microcosm experiment to assess nutrient forms and 
concentrations in wetland soils, pore water and overlying 
water under different water conditions (constant submer-
gence and DRW) with and without plant litter. We hypoth-
esized that (i) compared to constant submergence, DRW 
would increase net mobilization and alter speciation/parti-
tioning of N, P and C from soil to pore and overlying water, 
and (ii) the addition of litter would enhance these concur-
rent changes in concentrations and speciation across soil, 
pore water, and overlying water, particularly under DRW 
conditions.

Materials and Methods

Experimental Setup

Soil and water for the experiment were collected at the Teal 
Flat wetland on the River Murray situated about 36  km 
north of Murray Bridge, South Australia (34°53’07’S, 
139°33’33’E). The local climate is semi-arid with periodic 
drought (CSIRO 2008). Mean annual maximum and mini-
mum temperatures are 23.2 ℃ and 9.0 ℃, respectively. The 
mean annual precipitation is 306  mm (Australian Bureau 
of Meteorology). Surface soil (0–15  cm depth) was col-
lected in November 2022 from the open water area (~ 1 m 
water depth, 14 m from the wetland edge), air-dried, sieved 
(< 2 mm), and homogenized. Wetland water was taken from 
the same site and stored at 4 ℃ until use. River red gum 
leaf litter, a dominant riparian species on the River Mur-
ray (McPhan et al. 2022), was collected from the wetland 
margin at Teal Flat. At collection, litter was not submerged 
and leaves were dry to the touch or only slightly damp (e.g., 
minor surface moisture likely from dew), with no stand-
ing water on leaf surfaces. Because the residence time of 
leaves on the soil surface could not be determined in the 
field, we standardised litter quality by selecting recently 
senesced leaves that were structurally intact and visually 
undecomposed (no obvious fragmentation, mould growth, 
or advanced darkening or softening). Selected leaves were 
pooled and homogenised to create a composite litter batch. 
Leaves were oven-dried at 40 ℃ to constant mass and 
stored dry until use. Prior to addition, leaves were cut with 
clean scissors into 1–2 cm pieces to facilitate homogeneous 
amendment within the columns and to standardise particle 
size across replicates. Chemical properties of the river red 
gum litter (e.g., total C, total N, total P and stoichiometric 
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ratios) are summarised in Table 1. The soil had a sandy tex-
ture (87% sand, 9% clay, and 4% silt) with a bulk density 
of 1.67 ± 0.02  g cm− 3 (Table  1). The wetland water itself 
was characterized by pH of 6.67 ± 0.01, dissolved organic 
carbon (DOC) concentration of 17.2 ± 1.1 mg L− 1, total 
nitrogen (TN) content of 0.25 ± 0.02 mg L− 1 and total phos-
phorus (TP) concentration of 0.14 ± 0.01 mg L− 1 (Table S1). 
The C: N ratio of the litter was 45.

This experiment comprised two litter treatments (with-
out litter addition and river red gum litter addition) and two 
water regimes (constant submergence and DRW), arranged 
in a randomised block design with four replicates (Fig. 1). 
A total of 24 soil-water microcosms were established. Each 
consisted of an uncapped PVC tube (25  cm high, 4.4  cm 
inner diameter) filled with approximately 381 g of air-dried 
soil to a depth of 15 cm. Wetland water was carefully added 
along the tube walls until reaching a depth of 5 cm above the 
soil surface (~ 76 mL overlying water). In addition, after the 
overlying water was removed (decanted to the soil surface), 
the water retained within the packed soil was estimated 

gravimetrically, yielding an operational pore-water volume 
of approximately 100 mL per tube. For litter-addition col-
umns, 1.8 g of dried river red gum litter (~ 12 t ha− 1 equiva-
lent) was applied evenly on the soil surface (Gibbs et al. 
2022).

All columns were incubated at 20 ℃ in the dark for 
eight weeks, and progressed through three distinct phases 
(Fig. 1a): Phase 1, Days 1–14 (First submergence): All 24 
columns were uniformly submerged to 5 cm above the soil 
surface to establish consistent starting conditions. Phase 2, 
Days 15–42 (Drying period): “Drying” refers to removal of 
the overlying water and subsequent evaporative moisture 
loss from intact columns under laboratory conditions, rather 
than complete desiccation. DRW columns had the overlying 
water removed and were allowed to dry naturally over four 
weeks. In contrast, constant submergence columns were 
maintained at the original 5  cm water depth, with water 
replenished weekly to compensate for evaporation. Phase 
3, Days 43–56 (Resubmergence): Overlying-water depth 
was standardised to 5 cm in all columns for two weeks, by 

Table 1  Properties of topsoil (0–15 cm) in the Teal Flat Wetland, and river red gum litter. Mean ± SE (n = 3)
pH (1:5 H2O) Total N (mg 

g− 1)
Total C (mg 
g− 1)

Total P (mg 
g− 1)

Na
(mg kg− 1)

K
(mg kg− 1)

Ca
(mg kg− 1)

Al
(mg kg− 1)

Fe
(mg 
kg− 1)

Wetland Soil 7.71 ± 0.01 0.31 ± 0.1 3.9 ± 0.4 0.24 ± 0.2 0.4 ± 0.1 0.7 ± 0.1 1.4 ± 0.2 3.8 ± 0.4 3.6 ± 0.3
River red gum 
litter

- 10.8 ± 0.2 487.2 ± 31.1 0.60 ± 0.1 1.9 ± 0.1 1.7 ± 0.2 23.1 ± 1.2 < 0.003 0.1 ± 0.0

Fig. 1  Laboratory soil-water microcosm experimental design and sam-
pling schedule. (A) Bars denote the water regime applied over time 
(submergence vs. drying in the DRW treatment), with water-sampling 
days (triangles) and destructive harvests (circles). A cross-section icon 

is provided to indicate the column components (soil, overlying water, 
and the litter layer in litter-addition treatments). (B) Incubation rack 
holding uncapped PVC columns (photograph; illustrative only)
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(Hanson 1950). Total organic C (OC) in soil was determined 
by K2Cr2O7 and H2SO4 oxidation by titration with acidi-
fied (NH4)2Fe(SO4)2·6H2O (Walkley and Black 1934). Soil 
ammonium (NH4

+) and nitrate (NO3
−) were extracted with 

2 M KCl solution in a 1:5 soil extractant ratio by shaking 
for 1 h and were determined as described by Willis et al. 
(1996) and Miranda et al. (2001), respectively. Available N 
is the sum of NH4

+ and NO3
−. Soil available phosphate was 

extracted with 0.5  M NaHCO3 (pH 8.5) at a 1:20 (w: v) 
ratio by shaking for 16 h at room temperature. The phos-
phate concentration was determined by the malachite green 
method (Ohno and Zibilske 1991).

For water analyses, TN and TP were determined by 
persulfate digestion, followed by spectrophotometric mea-
surement (Armstrong 1963; Ebina et al. 1983). NH4

+ was 
measured spectrophotometrically as described for soil 
samples, while NO3

− was measured after alumina treatment 
to remove organic interferences (Cawse 1967). Dissolved 
organic nitrogen (DON) and phosphorus (DOP) were cal-
culated by subtracting inorganic forms (NH4

+, NO3
− for N; 

Inorganic P for P) from the total concentrations. DOC was 
estimated using UV absorbance at 254 nm, a reliable proxy 
for organic matter concentrations in freshwater (Edzwald 
et al. 1985). Although UV measurement does not provide 
the composition of organic compounds, it allows for the 
sensitive and reliable measurement of organic matter absor-
bance (Karanfil et al. 2003). Moreover, strong correlations 
between DOC and UV measurements have been consis-
tently observed in freshwater samples (Edzwald et al. 1985; 
Gu et al. 1996).

Statistical Analyses

The data was analysed in R 4.4.1 (R Core Team 2024). The 
residuals (the differences between observed and predicted 
values) were checked for normality using the Shapiro-Wilk 
test. Homogeneity of variances among groups was evalu-
ated using Levene’s test and by inspection of residuals ver-
sus fitted values. TN, available N, DON, TP, Inorganic P 
(Pi), DOP, DOC and pH in the Phase 1 were analysed by 
repeated measures one-way ANOVA with a between-sub-
ject factor (treatment), and within-subject factor (time). 
The data of the above parameters between Days 45 and 56 
was analysed by repeated measures two-way ANOVA with 
between-subject factors (litter and water treatments), and a 
within-subject factor (time). Post hoc pairwise comparisons 
were performed using Tukey’s HSD to identify differences 
among treatments and sampling times for the factors × time 
interaction (P = 0.05). Redundancy Analysis (RDA) were 
applied to examine relationships among litter addition vs. 
no-litter, different water regimes, and the aforementioned 

re-submerging DRW columns and maintaining constant-
submergence columns at 5 cm.

Overlying water and pore water samples (~ 10 mL each) 
were collected for chemical analysis on Days 1, 3, 5, 8, 11, 
and 14 (Phase 1), and Days 43, 45, 47, 50, 53, and 56 (Phase 
3). After each sampling event or weekly during Phase 2 (for 
constantly submerged columns), additional wetland water 
was added to maintain consistent water depth (Fig. 1). Pore 
water was collected with Rhizon samplers (Rhizon CSS 
19.21.23 F; Rhizosphere Research Products, Wageningen, 
Netherlands) inserted vertically to 10 cm depth. These sam-
plers have a PVC/PE tube (12 cm long) and connected to 
a porous section (pore size of 0.15 μm and length 10 cm). 
Overlying water was drawn via a syringe attached to a PVC/
PE tube, then filtered through 0.45  μm membrane filters. 
All water samples were stored at 4 ℃ and analysed within 
7 days. Soil samples were collected at Days 14 and 56. On 
Day 14 (end of Phase 1, prior to the divergence of water-
regime treatments), eight columns (two litter treatments 
× four replicates) were destructively sampled. On Day 
56 (end of Phase 3), the remaining sixteen columns (two 
water regimes × two litter treatments × four replicates) were 
destructively sampled. At each sampling time, the soil col-
umns were carefully removed from the PVC tubes, and any 
litter on the soil surface was gently separated and discarded 
to avoid contamination. The soil was then homogenized 
and immediately placed into sterile plastic bags, sealed and 
stored at -20 ℃ until further analysis.

Chemical Analyses

For soil analyses, soil pH was measured in a 1:5 soil: water 
(w/v) extract (George and David 2010). Soil redox poten-
tial (Eh) was measured by inserting the probe (Model IJ64, 
Ionode, Australia) into the soil without removing overlying 
water. Eh was recorded at the key sampling days (Days 1, 14, 
41 and 56) and reported in mV. For interpretative context, Eh 
values were used as an operational indicator of redox status: 
Eh ≥ ~+400 mV was considered more oxidising (oxygen 
may be present), whereas oxygen is expected to be absent at 
Eh values beginning at or below ~ + 350 mV; values between 
+ 350 and + 400 mV were treated as transitional low-oxygen 
conditions (Pezeshki and DeLaune 2012). Soil maximum 
water holding capacity was measured using a sintered glass 
funnel connected to a 1-m water column (Wilke 2005). Soil 
texture was determined by the hydrometer method (Gee 
and Or 2002). TN in soil and plant litter was extracted and 
determined following the Kjeldahl method (McKenzie and 
Wallace 1954). To determine TP, soil was digested with 
nitric acid-perchloric acid at a 4:1 ratio and P in the digest 
was determined by the phosphorvanado-molybdate method 
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litter addition (P < 0.001) and water regime (P < 0.001) were 
the strongest predictors of nutrient dynamics in overlying 
water. Additionally, a significant interaction between water 
regime and litter addition (P < 0.001) was observed, indicat-
ing that the influence of litter input varied with water regime 
conditions.

Nitrogen

Overall, TN concentrations were lower in overlying water 
than in pore water regardless of litter and DRW. There were 
modest differences in TN between the litter treatment and 
the control without litter addition in both pore and overlying 
water over time. At Phase 3 (Days 43–56), TN in pore water 
increased significantly in the litter treatment compared with 
the control (Fig. 3). Moreover, DRW was associated with 
a significant (P < 0.05) increase in pore-water TN immedi-
ately after rewetting and a concomitant decrease (P < 0.05) 
in overlying water, highlighting the transient nature of 
DRW-induced effects.

During the first submergence (Days 1–14), TN in pore 
water initially increased until Day 5 in the litter treat-
ment, then decreased thereafter, while the control without 
litter addition consistently declined from Day 5 onward 
(Fig. 3a). In overlying water, TN decreased from Day 5 in 

parameters. For Phase 3 (Days 43–56), we fitted a partial 
RDA conditioning on sampling day (day as a covariate) 
to remove time-related variation and focus on treatment 
effects. Significance of the constrained model and terms was 
assessed using permutation tests.

Results

Soil Pore Water and Overlying Water General 
Relationships

Redundancy analysis revealed that both water regime and 
litter addition were the dominant drivers of multivariate 
nutrient variation in both pore water and overlying water 
during the final resubmergence phase (Phase 3, Fig. 2 and 
Table S3). For pore water, the first two axes (RDA1 and 
RDA2) accounted for 44.3% and 7.6% of the total varia-
tion, respectively and the overall constrained fraction was 
54.97% (adjusted 56.77%) (Fig.  2a). Among explana-
tory variables, water regime (P < 0.001) and litter addi-
tion (P < 0.001) exerted the strongest effects on pore water 
nutrient dynamics. For the overlying water, the first two 
RDA axes explained 42.5% and 7.4% of the total variance 
in the log-transformed nutrient data (Fig.  2b). Similarly, 

Fig. 2  Biplot of a partial redundancy analysis (RDA) of pore-water (a) and overlying-water (b) nutrient and physicochemical composition during 
Phase 3 (Days 43–56)
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Fig. 3  Total Nitrogen (TN) concentration in pore water (a) and overly-
ing water (b) during Phase 1 and Phase 3. Different uppercase letters 
indicate significant differences among treatments at a given sampling 
time. Different lowercase letters indicate significant differences over 

time in a given treatment (p ≤ 0.05, n = 4, mean ± SE). The y-axis is 
plotted on a log10 scale to accommodate the wide range of values. 
Symmetric mean ± SE intervals on the original scale may appear visu-
ally asymmetric on the plot
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became relatively low and similar across treatments from 
Day 43 to 56 (Fig. S2b).

Despite transient differences, DON concentration in pore 
water was not significantly impacted by litter addition over 
the short term (i.e., 14 days). The overall patterns mirrored 
those observed for NH4

+. DON in the control without lit-
ter remained stable from Day 45 to Day 50, then sharply 
increased (~ 80%) on Day 53, followed by a subsequent 
decline by Day 56 (Fig.S3a). After rewetting from Day 43, 
DRW decreased DON by ~ 95% for the litter treatment and 
the control without litter between Days 43 and 53, followed 
by a significant increase on Day 56.

In the overlying water, DON concentrations remained 
low in the control without litter during the first submergence 
(Days 1–14) and resubmergence (Days 43–56) (Fig.S3b). 
Under constant submergence conditions (Days 43–56), 
DON concentrations in the litter treatment decreased by 
around 50% from Days 43 to 50, stabilizing thereafter. 
Except for Day 50, DON concentrations with litter were 
about two-fold higher than in the control without litter. Fol-
lowing DRW-induced resubmergence (Days 43–56), DON 
concentrations in the overlying water were consistently low 
across both litter and control treatments.

Compared with constant submergence conditions, DRW 
markedly increased the proportion of NH4

+ within pore-
water, a trend that persisted through the end of the experi-
ment. This effect was particularly pronounced under litter 
treatment. In contrast, under constant submergence, the 
relative fraction of DON in porewater rose gradually over 
time (Fig. 4a). For overlying water, the proportion of DON 
increased significantly under litter addition, compared to the 
control without litter. However, at the immediate onset of 
rewetting following a dry period, the DON fraction in DRW 
treatments was not significantly different from that observed 
under either constant submergence treatment (with or with-
out litter). Notably, in the first day of rewetting, both DRW 
treatments (with and without litter) exhibited a higher pro-
portion of NH4

+ in overlying water, which subsequently 
declined toward levels observed under constant submer-
gence (Fig.  4b). Across all treatments, NH4

+ consistently 
remained higher in porewater than in the overlying water, 
whereas NO3

- concentrations in porewater, except under 
litter-addition continuous flooding, were significantly lower 
relative to NO3

- in the overlying water.

Phosphorus

Overall, the highest concentration of TP in both pore and 
overlying water was observed under constant submer-
gence with litter addition, whereas the control without litter 
had relatively low TP levels, regardless of water regimes 

the litter treatment, whereas the control without litter addi-
tion increased until Day 11 before decreasing (Fig.  3b). 
Despite these short-term fluctuations, most sampling days 
exhibited only minor differences in TN between the litter 
treatment and control without litter addition during the first 
submerged period. From Days 43 to 56, under constant sub-
mergence, TN concentrations in pore water decreased by 
about 25–35% for both litter treatment and control without 
litter addition. After rewetting (Days 43–56) in the DRW 
treatments, TN in pore water increased ~ 1.8-times higher 
than the constant submergence treatments on Day 43, whilst 
TN in overlying water underwent a sharp decline and the 
difference between compartments narrowed over time.

Overall, DRW led to a transient surge in the concentra-
tions of NH4

+ in both pore and overlying water compared 
with constant submergence regardless of litter addition. 
DRW increased NH4

+ by fourfold more than in the constant 
submergence treatment on Day 43. However, NH4

+ concen-
trations subsequently decreased, remaining about twice as 
high as the constant submergence treatments by Day 56. In 
contrast under constant submergence, NH4

+ concentrations 
in pore water with the litter treatment were 30–60% lower 
than in the control without litter addition between Day 5 and 
Day 14 (Fig.S1a).

NH4
+ concentrations in overlying water were about 10- 

to 50-fold lower compared to pore water (Fig.S1b). During 
the first five days of submerged period, NH4

+ in the control 
without litter addition was approximately 2 to 7-fold higher 
than those in the litter treatment. However, no significant 
differences were observed from Days 8 to 14. Between 
Day 43 and 56, NH4

+ concentrations in overlying water 
remained consistently low under constant submergence 
conditions, irrespective of litter addition. By contrast, DRW 
increased NH4

+ by approximately 9- to 19-fold immediately 
after rewetting (Day 43) compared with corresponding 
treatments under constant submergence.

Overall, pore-water NO3
- concentrations were higher 

in the litter-addition treatment than in the control without 
litter during both the first submergence (Days 1–14) and 
the resubmergence period (Days 43–56), with differences 
reaching up to ~ 15× on some sampling days (Fig.S2a; 
P < 0.05). After rewetting on Day 43, a ~ 7-fold increase 
NO3

- concentrations in pore water occurred in the control 
without litter addition compared to the same measurement 
on Day 14. However, NO3

-subsequently decreased in the 
control without litter addition and converged with the litter 
treatment by around Day 50. In the overlying water, NO3

- 
concentrations were generally similar to pore water levels. 
However, NO3

- was generally higher in the control without 
litter addition, especially under the resubmergence where it 
was ~ 3- to 8-fold higher than the litter treatment. Following 
resubmergence, NO3

- in the overlying water declined and 

1 3

Page 7 of 18  35



Wetlands (2026) 46:35

During Days 1–14, TP concentrations in pore water 
remained relatively stable, with only minor differences 
between litter treatment and the control without litter 
(Fig. 5a). In contrast, TP concentration in overlying water 
with litter addition was substantially higher, ranging from 
about 3- to 30- fold, compared to the control without litter 

(Fig. 5). Meanwhile, the DRW with litter treatment exhib-
ited a clear increase in TP concentrations in pore water over 
time (Fig.  5a), gradually approaching the levels observed 
under constant submergence with litter addition. In contrast, 
the DRW without litter treatment TP level fluctuated but 
was lower than the litter treatment (Fig. 5b).

Fig. 4  Percentage of DON, NH4
+ and NO3

- in TN in pore water (a) 
and overlying water (b) during Phase 1 and Phase 3. Different upper-
case letters indicate significant differences for a given indicator (DON, 
NH4

+ and NO3
-) among treatments at a given sampling time in the 

same location (pore water and overlying water); Different lowercase 

letters indicate significant differences within the same indicator across 
different sampling times for the “without litter” treatments (including 
submergence and drying-rewetting conditions) and the “with litter” 
treatments (including submergence and drying-rewetting conditions)
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Fig. 5  Total Phosphorus (TP) concentration in pore water (a) and over-
lying water (b) during Phase 1 and Phase 3. Different uppercase letters 
indicate significant differences among treatments at a given sampling 
time. Different lowercase letters indicate significant differences over 

time in a given treatment (p ≤ 0.05, n = 4, mean ± SE). The y-axis is 
plotted on a logarithmic scale to accommodate the wide range of val-
ues. Symmetric mean ± SE intervals on the original scale may appear 
visually asymmetric on the plot
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at around 1.5-fold higher compared to Day 1 (Fig.S5b). 
Under constant submerged conditions (Days 43–56), the 
litter treatment sustained significantly higher DOP (~ 3–18 
times greater) than the control without litter, with DOP 
accounting for ~ 30% -60% of TP versus only ~ 10%-30% 
without litter. After resubmergence period, DOP for the 
control without litter concentrations dropped by ~ 90% 
from Days 43–56, whereas DOP with litter fluctuated and 
peaked on Day 47. Consequently, DOP concentrations in 
overlying water were substantially elevated with litter dur-
ing short-term submergence and generally remained higher 
than unamended levels under constant submergence, high-
lighting the ongoing impact of organic litter on DOP in the 
water column.

Following litter addition, subsequent DRW lead to an 
increased proportion of Pi relative to TP in the pore water. 
In contrast, without litter, DRW results in an increased pro-
portion of DOP in the pore water. Regarding the overlying 
water, initial submergence is characterized by a relatively 
low proportion of Pi (P < 0.05) (Fig.  6). However, as the 
wetting period is extended, the differences in Pi proportions 
between the DRW treatments and constant submergence 
treatments diminish.

Dissolved Organic Carbon

DOC concentrations were substantially higher under litter 
treatment and tended to rebound strongly after rewetting, 
whereas concentrations in the control without litter gener-
ally remained low in both pore water and overlying water. 
Although drying temporarily reduced DOC in both litter 
treatment and the control without litter, the post-rewetting 
surge was much more pronounced when litter was present, 
highlighting the capacity of organic inputs to sustain ele-
vated DOC levels even after moisture fluctuations.

During the first submergence (Days 1–14), pore-water 
DOC in the litter treatment was approximately 2-3-fold 
higher than in the control without litter (Fig. 7a). Under con-
stant submergence (Fig. 7b), litter treatment also maintained 
a similar 2–3‐fold increase. Although drying lowered DOC 
in both treatments, rewetting from Day 43 to 47 caused DOC 
in the litter treatment to peak, reaching ~ 76‐fold above the 
control without litter, before stabilizing. Meanwhile, DOC 
in the DRW without litter treatment remained consistently 
low (80–95% lower) compared to constant submergence. 
In the overlying water, the litter‐addition DOC similarly 
remained 11–33 times higher than the control without lit-
ter during early submergence, despite a ∼75% drop from 
its initial peak. Under constant submergence, litter‐addition 
DOC gradually declined but was still ~ 2–5 times higher 

(Fig.  5b). Although TP concentrations in overlying water 
with litter addition decreased by about 45% from Days 1–8, 
it remained significantly elevated relative to the control on 
most sampling days.

Under the constant submergence (Days 43–56), TP con-
centrations in pore water with litter were typically 1.5- to 
2.5-fold higher than the control without litter, showing 
minor temporal fluctuations. Similarly, TP concentrations 
in overlying water with litter typically remained signifi-
cantly higher than the control without litter throughout 
Days 43–56, despite decreasing by up to 80%. Thus, even 
during the resubmergence, the presence of litter continued 
to promote higher TP levels than the control without lit-
ter. After resubmergence, pore water TP in both treatments 
initially increased. However, from Day 47 to 56, the litter 
treatment’s pore water TP rose by approximately threefold, 
while the control without litter increased by about twofold. 
Consequently, litter-addition TP was 2‐ to 5.5‐fold higher 
than the control without litter by Day 50.

Pi concentrations in both the pore water and overlying 
water exhibited temporal trends similar to those observed 
for TP (Fig.  6 and Fig.S4). However, the control without 
litter was consistently lower in Pi than the litter-addition 
treatment (P < 0.05), particularly in the pore water where 
differences increased over time. In the overlying water, Pi 
generally accounted for ≤ 70% of TP, and while the litter-
addition treatment often surpassed the group without litter, 
some differences were not significant. DRW did not have a 
significantly effect on overlying-water Pi.

Under constant submergence, DOP concentration in pore 
water accounted for approximately 60–90% of TP in the 
litter-addition treatment, whereas the control without lit-
ter maintained comparatively lower levels. During the first 
submergence (Days 1–14), pore water DOP in both litter 
treatment and the control without litter rose to around 3-fold 
higher than that on Day 1 by Day 3, before reducing (Fig.
S5a). Over the constant submergence period, DOP concen-
tration in pore water was generally 1.5-3 times higher in 
litter-addition treatments compared to the control without 
litter, except on Days 47 and 56. After resubmergence, pore-
water DOP for the control without litter increased from Day 
50, reaching ~ 70% on Day 56 compared to Day 43, and ulti-
mately surpassing the litter treatment by about fourfold on 
Day 56. Thus, although pore water DOP initially converged 
across treatments during the early submergence period, it 
subsequently rose markedly in the unamended soil after 
rewetting.

In overlying water DOP showed a markedly stronger 
response to litter addition than to other factors. During the 
first submergence (Days 1–14), litter-addition treatments 
showed DOP concentrations approximately 5–90 times 
greater than the control without litter, peaking on Day 14 
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rewetting, the pH dropped by about two units within the 
first two days and then stabilized around 5.5 until the end of 
re-submergence. Overlying water pH initially showed larger 
differences with litter addition, although it tended to con-
verge or remain only ∼0.4–1.5 units below the control with-
out litter over time. In the first submergence (Days 1–14), 
the pH in the litter treatment gradually increased whereas 

than unamended, and after rewetting, rose again to ~ 2–3 
times unamended levels.

Water pH and Soil Properties

During the first submergence, pH of pore water remained 
stable regardless of litter addition. By contrast, after 

Fig. 6  Percentage of DOP and inorganic P in TP in pore water (a) and 
overlying water (b) during Phase 1 and Phase 3. Different uppercase 
letters indicate significant differences for a given indicator (DOP and 
inorganic P) among treatments at a given sampling time in the same 
location (pore water and overlying water); Different lowercase letters 

indicate significant differences within the same indicator across dif-
ferent sampling times for the “without litter” treatments (including 
submergence and drying-rewetting conditions) and the “with litter” 
treatments (including submergence and drying-rewetting conditions)
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Fig. 7  Dissolved Organic Carbon (DOC) concentration in pore water 
(a) and overlying water (b) during Phase 1 and Phase 3. Different 
uppercase letters indicate significant differences among treatments at 
a given sampling time. Different lowercase letters indicate significant 

differences over time in a given treatment (p ≤ 0.05, n = 4, mean ± SE). 
The y-axis is plotted on a logarithmic scale to accommodate the wide 
range of values. Symmetric mean ± SE intervals on the original scale 
may appear visually asymmetric on the plot
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Discussion

This study provided insights into how a drying-rewetting 
cycle and litter presence shape the temporal dynamics of 
N, P and C across wetland soil, pore water and overlying 
water. It is critical to better understand how hydrological 
fluctuations and soil-water interactions can influence nutri-
ent cycling processes for effective wetland management and 
restoration.

Nutrient Dynamics Under Constant Submergence

Under constant submergence, litter addition increased pore-
water DOC and phosphorus availability and shifted dis-
solved N speciation relative to the no-litter control (Figs. 3, 
4, 5, 6 and 7; Figs. S1-S2, S4-S5). These increases indicate 
diffusion of litter-derived nutrients released from decompo-
sition in the overlying water into the soil, consistent with 
previous observations under constant submergence condi-
tions (Hu et al. 2021). Constant submergence created anoxic 

it remained stable at ~ 7.5 without litter. On Day 14, the pH 
with litter was only ~ 0.5 pH units lower than without litter. 
In the constantly submerged and the DRW treatments, the 
pH remained quite stable from Days 43 to 56 and was gener-
ally ~ 0.4 pH units lower with litter than the control without 
litter (Fig.S6).

Total available N in the DRW treatment without litter 
was ~ 15% lower than under constantly submerged condi-
tions with litter. Soil available (KCl extractable) NH4

+ in the 
DRW treatment without litter was ~ 26% lower than under 
constant submerged conditions without litter (Fig. 8a). Soil 
available NH4

+ and available N were not affected by litter 
(Fig. 8a&c). Soil available NO3

- concentration without litter 
was approximately four-fold higher than that with litter in 
both first submergence and resubmergence periods (Fig. 8b). 
Soil available P (Olsen extractable) was not affected by 
water treatments or litter addition (Fig. 8d). Redox potential 
measurements indicated more reducing conditions under 
constant submergence relative to DRW during the drying/
rewetting transition (Table S2).

Fig. 8  Soil available (KCl extractable) ammonium (a), soil available 
nitrate (b), soil available nitrogen (c) and soil available phosphorus (d) 
under different submergence and litter treatments. Distinct uppercase 
letters indicate significant differences in same properties between lit-
ter treatments within the same submergence condition at a given day 

(t-test: P < 0.05). Different lowercase letters indicate significant dif-
ferences in same properties between different water treatments (con-
stantly submerged or DRW) within the same litter treatment on harvest 
days (t-test: P < 0.05)
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in pore-water NO3
- relative to unamended columns sug-

gests enhanced NO3
- consumption via denitrification and/

or microbial immobilisation within anaerobic microsites 
that develop during rewetting (Venterink et al. 2002; Scott 
et al. 2020). Litter addition enhanced NH4

+ concentrations 
in overlying water initially, but, reduced to a similar level 
as in the control without litter (Fig.S1). Soil NH4

+ did not 
increase (Fig.S7) which suggests this reduction was largely 
driven by nitrification-denitrification than soil adsorption. 
This interpretation is further supported by the sandy texture 
of the soil and its relatively low cation exchange capacity, 
indicating minimal NH4

+ adsorption potential (Sommer et 
al. 2003).

The pronounced early DOC (and nutrient) pulse follow-
ing rewetting in litter-addition treatments may reflect rapid 
leaching and species-specific decomposition dynamics of 
river red gum litter during initial wetting, which can be 
strongly modified by prior exposure history (Glazebrook 
and Robertson 1999). In addition, the high C: N ratio of 
the added river red gum litter likely enhanced microbial 
immobilization and reduced inorganic N availability in later 
stages, contrasting with low-C: N litter types that release 
more available N (Gao et al. 2016; Qu et al. 2020). In other 
eucalypt species (e.g., Eucalyptus globulus), persistent 
cuticular barriers and leaf oils have been shown to delay 
microbial colonisation and constrain early-stage break-
down, highlighting that decomposition trajectories can dif-
fer substantially even within the same genus (Canhoto and 
Graça 1999). In our experiment, litter residence time on 
the wetland margin prior to collection could not be quanti-
fied. This is important because antecedent litter ageing can 
reduce P content and suppress P release during subsequent 
rewetting. Our previous work showed that aged leaf litter 
had lower total P and released less P upon rewetting than 
fresh litter (Zhang et al. 2022). Therefore, we standardised 
litter by selecting visually undecomposed senesced leaves, 
oven-drying to constant mass, and cutting to 1–2 cm pieces 
to homogenise amendment size across replicates. These 
steps reduce among-replicate variability but may increase 
exposed surface area and enhance early leaching and micro-
bial access relative to intact, naturally conditioned leaves. 
Consequently, the magnitude and timing of DOC and nutri-
ent pulses observed here should be interpreted as responses 
under controlled, standardised litter inputs that isolate DRW 
mechanisms, rather than a direct quantitative representation 
of intact-leaf decomposition in situ. Further research exam-
ining litter types spanning a broader stoichiometric gradi-
ent and direct tracking of microbial pathways would help 
refine our understanding of DRW-mediated biogeochemical 
processes.

Phosphorus dynamics responded similarly. Both Pi and 
TP increased in pore water under litter + DRW treatments, 

conditions which can promote NH4
+ and Pi accumulation 

in pore water. The potential mechanism is likely through 
reduced nitrification and limited P sorption due to sup-
pressed Fe(III) formation (Gardner and McCarthy 2009; Yu 
et al. 2017). Litter inputs enriched dissolved organic matter 
pools in both pore and overlying waters (Figs. S3, S5, S7), 
which may stimulate microbial growth and alter coupled 
C-N-P processing under inundation (Liang et al. 2017). 
Collectively, these findings indicate that organic matter 
inputs can intensify biogeochemical fluxes and potentially 
reinforce nutrient co-metabolism (e.g., linked C, N, and P 
transformations) under anoxic conditions. The findings also 
highlight the benefit of an integrated microcosm approach 
that considers interactions between multiple compartments 
(water-litter-soil).

Effect of Drying and Rewetting Cycles

In line with the first hypothesis, DRW cycles triggered pro-
nounced shifts in N transformations across soil and water 
compartments (Fig.S7). Immediately after rewetting a sharp 
increase in pore water NH4

+ and DON was observed. This 
increase likely resulted from rapid microbial activity, accel-
erated decomposition of organic matter, and microbial cell 
lysis induced by osmotic stress upon rewetting (He et al. 
2025). Such conditions commonly accompany the well-
known ‘Birch effect’, a phenomenon typically characterized 
by a transient microbial respiration following drying and 
subsequent rewetting. Conversely, NO3

- levels decreased 
rapidly, consistent with enhanced denitrification or micro-
bial immobilization (Venterink et al. 2002).

Interestingly, overlying water showed an initial NH4
+ 

peak following rewetting (Fig.S1b), followed by a rise in 
NO3

- (Fig. S2b), reflecting upward NH4
+ diffusion from 

pore to overlying water and subsequent nitrification under 
oxic conditions (Hammerl et al. 2019). This pattern illus-
trates the rapid coupling of ammonification and nitrification 
processes during DRW events. Phosphorus dynamics were 
also influenced by DRW-induced redox shifts. DRW led to a 
net decrease in pore water Pi, likely due to Fe(II) oxidation 
and subsequent P sorption onto Fe(III) oxides (Schönbrun-
ner et al. 2012; Zhang and Furman 2021).

Interactions Between Litter and DRW

Overall, the data indicate that DRW and litter inputs jointly 
structure cross-compartment nutrient dynamics, consistent 
with strong hydrology-substrate coupling during redox tran-
sitions (Fig. 2). Upon rewetting, litter treatments exhibited 
higher DOC and NH4

+ concentrations (Fig.S1 and Fig. 6), 
indicating rapid microbial processing of labile organic 
inputs (Fierer and Schimel 2002). The associated decline 
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immediately after rewetting; however, this pulse effect 
diminished gradually with prolonged inundation. Litter 
addition amplified microbial immobilization and denitri-
fication, substantially reducing soil NO3

- concentrations 
and potentially mitigating N losses from wetlands. TP and 
Pi concentrations remained higher under constant submer-
gence than under DRW, reflecting redox-driven P release 
mechanisms. Although leaf litter inputs did not significantly 
alter total nutrient levels in the overlying water, they con-
siderably increased Pi and DOP proportions in pore water. 
Carbon dynamics were strongly influenced by the presence 
of leaf litter, significantly elevating DOC concentrations, 
particularly following DRW events. Enhanced litter decom-
position during DRW cycles stimulated microbial activity, 
thereby influencing overall nutrient transformations.

Overall, the combined impacts of DRW and litter inputs 
significantly regulate nutrient availability and cycling at 
the aquatic-terrestrial interface. From a management per-
spective, leveraging DRW cycles in conjunction with high 
C: N litter inputs could help effectively manage inorganic 
nutrient availability, guiding optimized wetland restoration 
under variable hydrological and climatic conditions.
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especially following the initial post-rewetting pH decline, 
when pH stabilised and redox conditions were rapidly 
shifting. Microbial decomposition of litter and redox shifts 
likely released Fe(III)-bound P (Sun et al. 2017). However, 
as mentioned above the total soil P pool remained relatively 
stable, indicating internal redistribution rather than net gain 
or loss.

Although pH was not manipulated as an experimental 
factor, its dynamics provide additional context for interpret-
ing short-term nutrient partitioning. During the first submer-
gence (Days 1–14), litter addition likely induced an initial 
acidification followed by partial recovery, consistent with 
early leaching and CO2 production and subsequent alkalin-
ity generation during anaerobic respiration and reductive 
processes (Breemen 1987; Husson 2013; Tanikawa et al. 
2018). After rewetting, pore-water pH remained markedly 
lower than during the initial flooded phase, which may have 
modulated coupled N and P transformations by constrain-
ing nitrification and influencing redox-driven Fe-P sorption 
dynamics (Ni et al. 2023; Florea et al. 2024).

This post-rewetting acidification coincided with the 
strongest DRW-driven mineral-N pulse (notably NH4

+) and 
with a subsequent convergence/decline in pore-water NO3

−. 
Moreover, the rapid pH drop after rewetting is also consis-
tent with oxidation of reduced species accumulated during 
the anoxic/submerged period or during drying (e.g., Fe(II) 
and sulfides), which can generate protons upon re-oxygen-
ation, and therefore may not be attributable solely to NH4

+ 
oxidation (Karimian et al. 2017; Lu et al. 2022). Given the 
strong pH dependence of nitrifier physiology and NH4

+ 
availability, the low pore-water pH observed after rewet-
ting could have contributed to reduced net nitrification, 
potentially helping to explain the persistence of NH4

+ in the 
inorganic-N time series (Ni et al. 2023). DOC exhibited its 
largest post-rewetting increase when litter was present, sug-
gesting that substrate supply and hydrological disturbance 
primarily controlled DOC concentrations. By contrast, pH 
likely acted as a secondary modifier of DOC fate via pH-
dependent sorption-desorption and microbial processing 
(Qiu et al. 2009; Spohn et al. 2022).

Conclusion

This study emphasizes the interactive influence of DRW and 
Eucalyptus species leaf litter inputs on N, P, and C dynamics 
in wetland ecosystems. Integrated analyses across soil, pore 
water, and overlying water compartments yielded several 
key findings.

DRW significantly enhanced N mobilization, result-
ing in pronounced but transient increases in NH4

+ and 
NO3

- concentrations within pore water and overlying water 
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