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Abstract

Wetlands are highly productive ecosystem with great potential to store carbon (C) and retain
nitrogen (N) and phosphorus (P) in their soil. Changes in vegetation type and land use can
affect organic matter inputs and soil properties. This work aimed to examine how these
changes affected elemental stoichiometry and C-, N-, and P- associated enzyme activities and
wetland soil organic C stock. We quantified organic C concentrations, and stoichiometric
ratios of C, N, and P in total and microbial biomass pools, along with the activities and ratios
of C-, N-, and P-associated enzymes for soils of natural coastal wetlands with different
vegetation types, namely Melaleuca wetland (Melaleuca spp), mangrove forests (Bruguiera
spp), and saline marsh (Eleocharis spp). We also compared these natural wetlands to an
adjacent sugarcane plantation to understand the effects of vegetation types. Hypothesis-
oriented path analysis was used to explore links between these variables and soil organic C
stocks. Tidal forested soils (0-30 cm) had the highest organic C, N, and P contents and
potential activities of C-, N-, P- acquiring enzymes, compared with other vegetation types.
Mangroves soils had the highest total soil C:N and microbial biomass C:P ratios. Microbial
biomass C:P ratios were significantly and positively related to total C:P, while microbial
biomass N:P ratios were positively associated with total soil C:P and N:P ratios. Path analysis
suggested that soil organic C stock was largely explained by total C:P ratio, microbial
biomass N:P ratios, total P content, and the ratio of C- and P-associated enzymes. Different
types of wetlands have different soil properties and enzymatic activities, implying their
different capacity to store and process C and N. The resource quality and stoichiometry direct

influence the organic C stock.
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1. Introduction

Wetlands can accumulate large amounts of carbon (C) and nitrogen (N) in their soil,
thereby improving water quality and mitigating greenhouse gas emissions (Mitsch et al. 2001;
Keddy et al. 2009). Degradation of wetlands in the Great Barrier Reef (GBR) catchment is a
major issue (Adame et al. 2019), because large area of wetlands has historically been
converted for agriculture, with the most significant losses in floodplain wetlands, including
tidal forested wetlands of “tea tree swamps” dominated by Melaleuca spp. (Johnson et al.
2000). Adjacent to these wetlands, N fertilisers support agricultural activities and food
production (Thorburn and Wilkinson 2013). However, some of this fertiliser can be exported
to adjacent wetlands and eventually flow to coastal wetlands (Adame and Reef, 2020).
Within these wetlands, N can be reduced through the process of denitrification, and
accumulation in the soil profile (Adame et al. 2020). Due to the ability to store and process
large amount of C and N, wetlands are now considered priority areas for conservation

(Adame et al. 2014, 2019; Dixon et al. 2016).

Vegetation types can influence soil organic C stock by altering the form, quality and
seasonality of organic matter inputs and nutrient availability (Schulze 2005). Plant
aboveground detritus and fine roots provide major inputs of organic matter to soil (Kristensen
et al. 2008), most of the inorganic nutrients in natural wetland soils comes from biological
decomposition of plant residues (Manzoni et al. 2010). Variation in biomass production,
lignin content, C:nitrogen (N) ratio, and phosphorus (P) availability directly affect soil
microbial activity (Reddy and DeLaune 2008; Adame et al. 2013; Arnosti et al. 2013). The
moist conditions of wetland soil influence organic matter turnover by microbes, whereas
anaerobic environment created by water saturated conditions may decrease microbial

metabolism and can result in long-term C stock. On the other hand, conversion to cultivation
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land and agricultural management practises can lead to significantly reduction in soil organic
C (Nahlik and Fennessy 2016; Carnell et al. 2018; Pekkan et al., 2021). Thus, the covered
vegetation type is one of the major factors that influence the organic C stock in wetland soil

(Kristensen et al., 2008; Hayes et al., 2017).

In general, N and organic C accumulates in wetland soils because the rate of organic
matter input exceeds the rate of decomposition. The decomposition of organic matter is
mainly mediated by soil enzymes mainly excreted by micro-organisms and plants. From
these enzymes, f3-1,4-glucosidase (BG) and chitinase play roles in the degradation of
cellulose and chitin, respectively. Acid phosphatases (AP) hydrolyse a variety of organic and
inorganic phosphomonoesters. The BG, chitinase, and AP are the key enzymes involved in
the C-, N-, and P-acquisition during decomposition processes (Sinsabaugh et al. 2008).
According to the principle of ecological stoichiometry, the microbial demand of C and
nutrients is determined both by the elemental ratio of microbial biomass and environmental
nutrients availability (Sterner and Elser 2002; Manzoni et al. 2008). Investment in enzyme
synthesis is assumed to reflect microbial nutrient demand (Follstad et al. 2014), therefore the
organic matter decomposition and nutrients cycling can be inferred from determination of
potential soil enzyme activities (Kuscu et al., 2008; Sinsabaugh and Follstad-Shah 2012;
Veres et al 2015). Moreover, soil enzyme activities are sensitive to the change of abiotic
factors, such as soil moisture content, pH, and electrical conductivity (EC). Hence, the
investigation of the interaction of soil enzyme activity, microbial biomass stoichiometry,
nutrients availability and soil properties can help improve the understanding of
biogeochemical cycles driven by microbial community under different vegetation types and

soil management in coastal wetlands.

A way to understand the interactions between C dynamics is the hypothesis-oriented
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path analyses, which is a quantitative analysis method to identify the potential direct and
indirect effects of soil variables on soil organic C dynamics, and has been widely used in
multivariate interacting system (Grace and Kelley 2006; Luo et al. 2017). This analysis can
help identify key parameters involved in soil, such as elemental stoichiometry, as microbial
nutrients demand is determined by the ratios of microbial biomass in relation to ratios of
resource (Sterner and Elser 2002), meanwhile, soil enzyme activities drive microbial nutrient
acquisition from organic matter. Therefore, resource ratios may indirectly affect enzyme

ratios through elemental ratios of biomass.

Here we examined stoichiometric ratios of C, N, and P in soil total and microbial
biomass pools, and associated soil properties (inorganic N, plant available P, and the
activities of C-, N-, and P-acquiring enzymes) in natural wetlands under different vegetation
types (mangroves, saline marsh, and Melaleuca wetlands) in tropical Australia Northeast
Queensland. We also compared soil properties to those of an adjacent sugarcane plantation,
which was previously dominated by Melaleuca (Adame et al., 2019). We hypothesised that
(1) the different vegetation types and associated management practices would affect soil
organic C content, (2) nutrient availability and abiotic factors would affect soil enzyme
activities, (3) C:N and C:P ratios in resource and edaphic factors would jointly lead to the

change in soil organic C contents.

2. Materials and methods

2.1 Study area and field sampling

The study site was located at Insulator Creek (18° 53' S, 146° 15' E) within the
catchments of the Herbert River in Northeast Queensland. Mean annual precipitation for the

region is > 2000 mm, with most rainfall occurring between January and May (Australian
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Bureau of Meteorology [BOM], 2018; 1907-2018). Mean monthly temperatures range from
22 to 34 °C (BOM 2018; 1907-2018). Sampling was conducted twice during two dry seasons,
August, 2016 and June, 2018. We sampled three types of wetlands: saline marsh, Melaleuca
wetlands, and a mangrove forest. The saline marsh was dominated by Eleocharis spp and the
mangroves by Bruguiera gymnorhiza. The Melaleuca wetlands was a tidal freshwater forest,
which was dominated by Melaleuca quinquenervia. Melaleuca spp. is a genus of the
Myrtaceae family native to eastern Australia and commonly located in many coastal wetland
environments, and they have high potential for C and N stock (Tran et al. 2013; Adame et al.
2019b). These wetlands in Australia are highly threatened by deforestation and increased

salinity (Salter et al. 2007; Adame et al. 2019b)

At each of sampling sites, 3—5 sampling plots (5x5 m each) were randomly selected in a
line transect which was perpendicular to the water edge. Each plot was separated at least by
20 m (Adame et al. 2015). At each plot, 3-5 surface soil core samples were collected using an
auger of approximately 7.5 cm in diameter and stored at 4 °C. In the laboratory, soil samples
were passed through 2 mm sieve to remove roots and other debris. A subsample of moist soil
was stored at 4 °C for analysis of pH, EC, labile C and nutrient, microbial biomass C and
nutrient, enzyme activity within two weeks of the sampling. Air-dried samples were finely
ground (<150 um) for analyses of total C and nutrient contents. All results are expressed on

an oven-dry basis.

2.2 Measurements of soil physical, chemical and biological properties

Soil pH and electrical conductivity (EC) were measured using standard methods in a
solution of 1:5 soil to water by a combined glass electrode (Rayment and Lyons 2011). Soil

moisture was measured gravimetrically by oven drying the soil at 105 °C for 24 h. Soil bulk

density was estimated by weighing intact soil cores. Soil inorganic N (NH4+-N and NO3™-N)
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of field-moist soils was extracted with 2 M KCI and determined with a Continuous
Segmented Flow Analyzer (SEAL Auto Analyzer 3 HR, SEAL Analytical Limited, UK). Soil
Olsen P concentrations were measured using the method described by Rayment and Lyons

(2011).

Soil microbial biomass C, N, and P were measured using the chloroform fumigation-
extraction method, with conversion factors of 2.64, 2.22, and 0.40, respectively (Brookes et
al. 1982: 1985; Vance et al. 1987). The activities of f-1,4-glucosidase (BG), chitinase
(CHIN), and acid phosphatase (AP) were measured using p-nitrophenyl spectrophotometric
methods (Eivazi and Tabatabai 1988; Sinsabaugh and Linkins 1990; Tabatabai and Bremner
1969). The Sigma codes for the BG, CHIN, and AP substrates used were N7006, N9376 and
P4744, respectively. Soil total and microbial biomass C:N, C:P, and N:P ratios were
calculated as molar ratios (atomic ratio). Stoichiometric ratios of BG:CHIN, BG:AP, and

CHIN:AP were calculated as the ratio of potential activity of each enzyme.

Total C and total N content were analysed using a Leco TruMac TCN Determinator
(LECO Corporation, USA). For the organic C concentration analysis, 1 g of air-dried sample
was placed into ceramic boat fitted with nickel boat liner to which 5 to 10 ml of a 5-6%
sulphurous acid was added to remove any carbonates from the soils. Once reaction ceased,
the samples were placed on a hotplate to remove water and excess sulphurous acid (Balduff,
2007). The organic C content of the samples was then determined using the Leco TruMac
TCN Determinator. Soil total P concentration was measured via inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Perlin Elemer, USA) after the samples were
digested in nitric acid following a modified microwave-digestion protocol based on 3051A of
the USEPA (1988). In brief, 0.2 g fine-ground soil samples were added with 10 ml of

concentrated nitric acid, the mixture were digesting at 200 °C for 40 mins in a microwave
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digester (TITAN MPSTM, Perkin Elmer). After cooling, the digested solution was diluted

with 10 ml deionised water, the supernatants were then analysed by ICP-OES.

2.3 Statistical analysis

Data were tested for normality with a Shapiro-Wilk tests, and were natural logarithm or
square-root transformed when required to achieve a normal distribution. For Olsen P and
microbial biomass C, Box-Cox transformation was applied. The differences in soil properties
between different vegetation types for each sampling time were analysed with repeated
measures analysis of variance (ANOVA) using a generalized linear model. Tukey’s Honestly
Significant Difference (HSD) method was used to determine whether these effects were
significantly different (p < 0.05); homogeneity of variance and normality for all soil
properties data were assessed using the Leven’s test (p > 0.05). Repeated measures ANOVA
and Tukey’s HSD analyses were performed with SPSS version 25.0 (IBM SPSS Inc.,
Chicago, USA). Pearson correlations were used to determine relationships among soil
physical, chemical, and biological parameters and stochiometric ratios of C, N, and P in
different pools. Principal component analysis (PCA) was applied to the correlation matrix
among the variables and distinguish the effects of vegetation types on soil. PCA analyses

were performed with R version 3.5.2 (R Core Team 2018).

Path analysis was conducted using partial least squares path modelling (PLS-PM). The
calculation of the model was performed using the package ‘plspm’ in R version 3.5.2 (ver.
0.4.9, Sanchez et al., 2013). A non-parametric bootstrapping (1000 resamples) was used to
estimate the precision of the parameter estimates. Non-significant relationships (p > 0.05)
were excluded from the results. The path model was formulated using composite variables
while five latent variables were included to assess the direct and indirect effects on soil

organic C stock. The environmental factors were categorized into five latent variables: ‘soil
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abiotic properties’, ‘biotic properties’, ‘soil microbial biomass ratios’, ‘soil enzyme ratios’,
9 b

and ‘soil resource ratios’. The latent variables were explained by measured variables.
y

All measurements of soil properties including pH, EC, moisture content, concentrations
of NH4t—N, NO3;—N, Olsen P, total P, and total N were considered as indicators for the latent
variable ‘abiotic properties’. The ‘biotic properties’ were reflected by microbial biomass C, N,
and P, the activities of -1,4-glucosidase, chitinase, and acid phosphatase. We estimated total
C:P ratio, N:P ratio, and inorganic N to Olsen P ratio as indicators for ‘resource ratios’. The
‘microbial biomass ratios’ was reflected by microbial biomass C:N, microbial biomass C:P,
microbial biomass N:P. The stoichiometric ratios of three enzyme activity were considered as
potential indicators for the latent variable ‘enzyme ratios’. The correlations between each
latent variable and the measured variables were indicated by the loadings, with values > 0.7
indicating that the variability in the observed variables was significantly captured by their

latent variables (Urakawa et al. 2016).

3. Results

3.1 Wetland soil edaphic variables and biological properties

The effect of vegetation type on soil bulk density, pH, EC, moisture, total organic C and
nutrient concentrations, available nutrient concentrations, and enzyme activities were
significant (p < 0.05; Table 1). Sampling time (2016 or 2018) exerted significant influence
over soil biotic factors associated with C and P biogeochemical cycles, namely
concentrations of total P, microbial biomass C, and [-1,4-glucosidase activity (p < 0.05).
Vegetation type and sampling time had an interactive influence on soil Olsen P, soil
microbial biomass C, N, and P, and the potential activities of C-, N-, and P- acquiring

enzymes (p < 0.05; Table 1).

10
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Melaleuca wetlands had the highest average soil organic C stock, with a value of 13.2 £+
7.4 kg m? to a depth of 30 ¢m, compared to 5.3 + 1.1, 6.9 + 4.6, and 5.1 + 0.2 kg m? in
mangroves, marsh, and sugarcane, respectively (p < 0.05; Table 2). Soil bulk density was
lowest under mangroves and Melaleuca wetlands, highest under sugarcane and intermediate
under marsh (p < 0.05). Soil pH was significantly lower under Melaleuca wetlands than in
the other three soils, and soil moisture was significantly lower under sugarcane (p < 0.001).
Soil EC was lower under Melaleuca plants and sugarcane than under mangroves and Marsh
(p <0.001) (Table 2). Concentrations of total organic C, N, and P were highest in Melaleuca
wetlands soil (p < 0.05) (Table 2). Concentrations of NH4"-N were highest in the marsh soil,
lowest in the mangrove soil and intermediate in Melaleuca wetlands soils and sugarcane soils
(p <0.001). Concentrations of NO3™-N were significantly highest in Melaleuca wetlands soils,
lowest in the marsh soil and intermediate in mangrove and sugarcane soils (p < 0.05).
Concentrations of Olsen P were the highest in mangroves and marsh soils, lowest in the

sugarcane soil and intermediate in the Melaleuca wetlands soils (p < 0.05).

There were no significant differences in the concentrations of microbial biomass C, N
and P among the four vegetation types (Table 2). The activity of [-1,4-glucosidase was
significantly higher in Melaleuca wetlands soils, lower in the marsh soil and intermediate in
mangroves and sugarcane soils (p < 0.05). The activity of chitinase was higher in the
Melaleuca wetlands soils, lower in mangrove soil and intermediate in marsh and sugarcane
soils (p < 0.05). Acid phosphatase activity was higher in Melaleuca wetlands and sugarcane
soil and lower in mangroves and marsh soils (p < 0.05) (Table 2). Overall, Melaleuca
wetlands soils had the highest organic C, N, and P content, as well as the highest potential

activities of C-, N-, P- acquiring enzymes (p < 0.05).

3.2 Wetland soil C, N, and P stoichiometric characteristics under different vegetation types

11
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Vegetation type and sampling time had complex effects on the stoichiometric ratios of
C-, N-, and P-related variables (Table 3). Soil total C:N, N:P, microbial biomass C:N, and
BG:CHIN ratios were significantly influenced by sampling time and the interaction of
vegetation type and sampling time (p < 0.05). Soil C:P ratio was significantly influenced by
sampling time (p < 0.05). Soil microbial biomass C:P ratio was influenced by vegetation
types and sampling time (p < 0.05). The ratio of soil inorganic N to Olsen P was significantly
influenced by vegetation type (p < 0.05). BG:AP ratio was significantly affected by

vegetation type, sampling time and their interaction (p < 0.05) (Table 3).

The ratio of total C:N was highest in the mangroves, lowest in the marsh and
intermediate in Melaleuca wetlands and sugarcane soils (p < 0.05) (Table 4). There was no
significant difference in soil total C:P and N:P ratios among the four vegetation types. The
ratio of inorganic N to Olsen P was the highest in the sugarcane soil, lowest in the mangrove
soil and intermediate in marsh and Melaleuca wetlands soils (p < 0.05). There were no
differences in microbial biomass C:N and N:P ratios among the four vegetation types. The
ratio of microbial biomass C:P was highest in mangrove and marsh soils, lowest in sugarcane
soil and intermediate in Melaleuca wetlands soils (p < 0.05). There was no difference in the
stoichiometric ratio of [5-1,4-glucosidase to chitinase among vegetation types. The ratios of
p-1,4-glucosidase to acid phosphatase and chitinase to acid phosphatase were both highest in
the mangrove soil, lowest in marsh and sugarcane soils and intermediate in the tidal

freshwater forests soil (p < 0.05).

3.3 Correlations among soil variables

Soil bulk density was negatively (p < 0.05) associated to soil moisture content and
concentrations of organic C and total N, while positively (p < 0.01) related to pH. Soil pH

was positively (p < 0.05) related to EC and the concentration of Olsen P, and negatively (p <

12
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0.01) related to concentrations of organic C, total N, total P, and the activities of §-1,4-
glucosidase, chitinase, and acid phosphatase. Soil EC was positively (p < 0.001) related to
moisture and concentration of Olsen P, while negatively (p < 0.01) related to soil NO3-N
concentration and the activities of f-1,4-glucosidase, chitinase, and acid phosphatase. Soil
moisture was positively (p < 0.01) corelated with concentration of total P and Olsen P, while

negatively (p < 0.01) related to the NO3™-N concentration (Fig. 1).

Overall, there were significant (p < 0.05) correlations among soil total organic C, N, and
P concentrations, as well as microbial biomass C, N, and P and C-, N-, P-associated enzyme
(B-1,4-glucosidase, chitinase, and acid phosphatase, respectively) activities (Figs. 2, 3 and
S2). Additionally, the organic C concentration was positively (p < 0.05) associated with
microbial biomass C, the activities of -1,4-glucosidase, chitinase, and acid phosphatase.
Total N concentration was positively (p < 0.05) related to microbial biomass C and N, and
the activities of 5-1,4-glucosidase, chitinase, and acid phosphatase. Total P concentration was
positively (p < 0.05) related to microbial biomass C and P, and the activities of f-1,4-
glucosidase, chitinase, and acid phosphatase (Fig. 1). There were no significant relationships
among the NH4"-N concentration and other soil parameters. Soil NO3™-N concentration was
positively (p < 0.01) related to f-1,4-glucosidase and acid phosphatase activity, while
negatively (p < 0.01) related to Olsen P concentration. Olsen P concentration was negatively
(p < 0.05) related to -1,4-glucosidase activity. Microbial biomass C was positively (p < 0.05)
related to f-1,4-glucosidase, chitinase, and acid phosphatase activities, microbial biomass N
was positively (p < 0.05) correlated with chitinase and acid phosphatase activities, and

microbial biomass P was positively (p < 0.01) related with acid phosphatase activity (Fig. 1).

Soil microbial biomass C concentrations were negatively (p < 0.01) related to the ratio

of chitinase and acid phosphatase. Microbial biomass N concentrations were negatively (p <

13
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0.05) correlated with fB-1,4-glucosidase to acid phosphatase ratios, and chitinase to acid
phosphatase ratios. Microbial biomass P concentrations were negatively related to total C:P
and N:P ratios, biomass N:P ratios and chitinase to acid phosphatase ratios (Fig. S2).
Microbial biomass C:N ratios were positively (p < 0.05) related to the ratio of [-1,4-
glucosidase and chitinase activity (Figs. 2b and S2). Microbial biomass C:P ratios were
significantly (p < 0.001) and positively related to total C:P ratios at each sampling time
separately, however, the relationship was not statistically significant when analysed with
combined data (Fig. 2b). Microbial biomass N:P ratios were positively (p < 0.001) related to

total C:P and N:P ratios (Figs. S2 and 3C).

3.4 PCA and path analysis

The PCA divided the four sampling sites into three groups (mangrove and marsh as one
group; Melaleuca wetlands as the second group; sugarcane as the third group). The groups
differ mainly from each other along the 2nd axis, i.e., in moisture and EC (also drained vs.
sites flooded with brackish/saltwater and nitrate fertilization). The average loadings on
component 1 are rather similar between the groups. The Melaleuca wetlands group especially

is highly variable, possibly suggesting several subtypes (Fig. 3; Table S1).

The loadings scores from the path analysis suggested that soil total P concentration, acid
phosphatase activity, the ratio of microbial biomass N to P, the ratio of B-1,4-glucosidase to
acid phosphatase, and the ratios of total C and N to P were representative indicators of
‘abiotic properties’, ‘biotic properties’, ‘microbial biomass ratios’, ‘enzyme ratios’ and
‘resources ratios’, respectively (Table 5). The goodness of fit, which indicates the average
prediction of the entire model, was 0.48 (Fig. 4). Soil organic C stock was significantly and
directly affected by ‘abiotic properties’, ‘resource ratios’ and ‘biotic properties. The ‘enzyme

ratios’ did not have significant direct effects on soil organic C stocks (Fig. 4). The latent
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variable ‘microbial biomass ratios’ were significantly and directly affected by ‘resource

ratios’, while ‘enzyme ratios’ were negatively affected by ‘biotic properties’ (Fig. 4).

The relationship between scores of ‘abiotic properties’ and organic C stock (0-30 cm),
which are the value of latent variables of each site derived from path analysis, are shown in
Fig. 5a. The broad latent variable ‘abiotic properties’ indeed had a significant effect on
organic C stock (Fig. 4), but significant correlations were only evident for Melaleuca
wetlands (R? = 0.80, p < 0.001) and sugarcane plantation (R> = 0.83, p < 0.001) soils.
Additionally, scores of ‘resource ratios’ and organic C stock were significantly correlated
across the four sampling sites (Fig. 5b; R?> = 0.15, p < 0.05), therefore the entire effect of

‘resource ratios’ and organic C stock was significant across the four sampling sites.

4. Discussion

4.1 Vegetation type and wetland organic C stock - why tidal Melaleuca wetlands have higher
organic C stock?

Organic C stock of natural coastal wetlands were higher than the sugarcane plantation,
with highest values in the tidal freshwater forest, suggesting that Melaleuca wetlands in the
Insulator Creek of Northeast Queensland store large amount of soil C, averaging 132 + 74 tC
ha'! to a depth of 30 cm. Adame et al. (2019) found that the surface soil accumulation rates in
the Melaleuca wetlands of tropical Australia were 0.6 £ 0.2 Mg C ha! y'. Due to the
development of accommodation space (the vertical and lateral space available for fine
sediments to accumulate and be colonized by wetland vegetation) relative to sea—level
change (Schuerch et all., 2018; Rogers et al., 2019), Melaleuca wetlands are highly
heterogeneous. Therefore, the soil organic carbon stock is spatially variable for Melaleuca
wetlands. Meanwhile, Mangrove and marsh wetlands stored soil C of 53 + 11 and 69 + 46 tC

hal, respectively. The values are comparable to other coastal carbon rich wetlands. For
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example, soil C standing stocks of tidal freshwater wetlands in Atlantic coastal rivers ranged
from 181 to 1259 Mg C ha-1. Saltmarshes have ecosystem C stocks ranging from 100 to 800

Mg C ha-1 (Chmura et al., 2003).

Soil under sugarcane plantation stored 51 + 2 tC ha'!, where agricultural practices has
led to C stock reductions in the region, similar to other parts of Australia (Luo et al. 2010).
Agricultural activities, such as harvesting and fertiliser application, have a significant
influence on C and nutrient dynamics (Braunack et al., 2006a,b). Compared with the
sugarcane cultivation field within the Queensland sugarcane growing areas, the mean value
(0.076 dS m™) of soil EC in the present study was slightly higher than the range of 0.040—
0.070 dS m™! reported by Page et al. (2013), and within the range of 0.030-0.260 reported by
Braunack et al. (2006a). Excessive N fertiliser, combined with increased soil compaction and
soil structural degradation from traffic during crop management operations (Hamza and
Anderson, 2003; Armour et al., 2013), contributed largely to the separation of sugarcane land

use from natural wetlands in the present study.

Soil organic C stock could increase either by higher plant residue input or slower
decomposition rates. Tree has more structural C compared with herbs and shrubs (Ma et al.
2018). It was reported that Melaleuca trees produce woody tissues with a high amount of
recalcitrant organic materials and have a high rate of litter fall but low decomposition rates,
largely due to the high content of essential oils in the leaves (Bolton and Greenway 1997).
Therefore, soil organic compounds are stable for long periods. We found the soil pH in
Melaleuca wetlands were significantly lower than the other three sampling sites (Table 2).
Meanwhile, the positively relationship between soil pH and bulk density in this study was
probably due to the presence of soil organic matter. Previous study also observed the

significant correlation between soil bulk density and pH (Jia et al., 2005, Table 4), while
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Rokosch et al. (2009) reported non-significant relationship between soil bulk density and pH.
Changes in bulk density in the soil profiles reflect soil organic matter development, with the
density of the soil decreasing as soil organic matter increases (Ballantine and Schneider,
2009). Additionally, increased pH generally accelerates the leaching of dissolved organic C
and thus result in lower organic C levels in the surface soil (Grybos et al., 2009). Research
has shown that Melaleuca plants can also influence the metal mobility, reactivity and
availability in soil through the alteration of soil pH and redox potential, therefore causing
substantial changes to biogeochemical cycling in wetland soils (Johnston et al. 2003). Above
all, our results can further support the suggestion that the potential for tidal freshwater forest
wetlands to store C and N were probably underestimated (Tran and Dargusch 2016; Adame

etal. 2019).

4.2 Effects of nutrient availability and soil enzyme activities on soil organic C stock

The interplay between nutrient availability and decomposition rate of organic matters
are crucial in understanding the soil organic C stock. Soil nutrient dynamics can be affected
by vegetation type in addition to belowground biological and geochemical processes, thereby
influence soil organic C stock (Viscarra Rossel and Bui 2016; Weiss et al. 2016). It has been
reported that soil with a high amount of organic C may probably result in higher microbial
metabolism and increasing microbial activities (Jiang et al. 2019). Moreover, P availability in
tropical soils tends to increase organic C concentration (Chen et al. 2015), and organic matter
accumulation was positively associated with organic P levels (Hou et al. 2014; Fonte et al.
2014). Additionally, the close association of soil total P concentration with soil organic C
content in our study was expected, as the soil in Australia is derived from old landscapes and

considered to be P deficient (Bui and Henderson 2013).

Soil enzyme activities are also strongly affected the C stock in our study. The marked
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increase in acid phosphatase activity and soil organic C in Melaleuca wetlands indicated an
association between P biogeochemical cycle and organic C concentration. It has been
reported that soil enzyme activities directly indicate soil microbials’ metabolic requirements
and available nutrients, thereby regulating the processing of C in the soil system (Cenini et al.,
2016). Vegetation type plays an important role in determining soil enzyme activity, thereby
result in variations in C stock (Cui et al. 2018; Luo et al. 2018; Jiang et al. 2019). As we
discussed before, Melaleuca plants have a higher rate of litter fall (Bolton and Greenway
1997). Johnston (2003) also reported that Melaleuca plants can influence metal mobility,
reactivity and availability in soil through the alteration of soil pH and redox potential, thereby
causing substantial changes to biogeochemical cycling in wetland soils. Sinsabaugh et al.
(2009) further suggested that soil enzyme activities are strongly related to soil pH. It
noteworthy that -1,4-glucosidase and chitinases activity was the highest in the Melaleuca
wetlands. On the other hand, the distribution of organic layers in coastal wetland soil profiles
is spatially variable. Australian tidal marshes may have sub-surface horizons compared to
lower elevation wetlands (Adame et al., 2019). Meanwhile, Senga et al. (2015) reported that
the activity of phosphatases from plant roots may lead to high AP activity in the surface
layers. Those were likely reasons for the large variation of the potential AP activity observed
in marsh in the present study (Table 2). Thus, increased enzyme activity is proportionally
lead to improved nutrient availability for plants and microorganism utilization, and

eventually increase the amount of organic matter input into soils.

4.3 The combined effects of C, N, and P ratios and edaphic factors on wetland organic C
stock

Soil microorganisms do not simply respond to resource stoichiometry and microbial
biomass stoichiometry but can adjust their metabolic activities through regulation of available

energy and substrate (Austin et al. 2014). Enzyme activities link decomposition processes
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with microbial community, and the production of enzymes involved in C-, N-, and P-
acquisition are stoichiometrically constrained across ecosystems (Sinsabaugh et al. 2009).
This was supported by the strong correlations among soil enzymes across three different
wetland vegetation types. Additionally, stoichiometric ratios of the three enzymes, especially
the chitinase to acid phosphatase ratio, were significantly correlated with microbial biomass
C, N, and P in our study. The microbial biomass N to P ratio was strongly associated with the
resource stoichiometry, consistent with ecological stoichiometry theory. This result, along
with the significant relationships among the activities of three enzymes and total C, N, and P
concentrations, further suggest that enzyme expression was a product of microbial demand

for energy and nutrient, and was largely driven by resource stoichiometry.

The path analysis revealed that C and nutrient ratios of resource and soil abiotic
properties had direct influence on organic C stock and dynamics. Organic C stock differs
among vegetation types, largely due to different litter inputs, enzyme activities, and
composition of soil microbes that contribute to decomposition processes (Fierer et al. 2009,
Ouyang and Lee 2020). Soil enzyme activities ratios reflect the biogeochemical equilibirium
between microbial growth and stoichiometry of resource and microbial biomass (Sinsabaugh
et al. 2009). Therefore, our result suggests that soil stoichiometric ratios of resource C and
nutrients directly govern the organic C stock, while environmental conditions modify
microbial activities, and hence, may reflect in C and nutrient biogeochemical dynamics.
However, the goodness of fit of this model was 0.49, indicating half of the direct and indirect
effect of variables on the organic C stock were not explained by this model. Besides, the
microbial biomass ratios, grouped as a latent variable, is overall a weak factor on other
groups. This is probably due to that soil microbial biomass only accounted for approximately
1-5 % of soil organic matter (Jenkinson 1990). Moreover, to maintain biomass growth, soil

microbes regulate the production and release of extracellular enzymes in response to
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environmental resource availability (Sinsabaugh et al., 2012), thereby influencing
environmental substrate abundances, but the correspondence is not a direct mechanistic link.
Overall, enzyme activities were the dominant factors discriminating between soil properties
under different vegetation types in our study (Table 2). Meanwhile, previous study suggested
that soil enzyme activities should be considered in the context of interactions of
microorganisms and vegetation (Schimel and Weintraub 2003; Hoyos-Santillan et al. 2018),
thus, the model structure might change with improved dataset on microbial community

composition and litter input derived by vegetation.

It is acknowledged that there is some limitation in this study in understanding temporal
variation and seasonal dynamics of wetland soil properties due to lack of more frequent
sampling (only in 2016 and 2018). The result from this study is case specific. More frequent

sampling and deep soil C measurement should be required in the relevant future field study.

4.4 Implications for future management of the coastal wetlands

Repeated soil measurement is used to estimate changes in organic C stock over time and
under climate change, in the present study, vegetation types presented a significant influence
on organic C stock, which highlights the potentially important role of vegetation cover on the
coastal ecosystem. Mangroves and marsh plants respond more robustly to environmental
changes than Melaleuca plants which require freshwater conditions, implying a high priority
for conservation management when experiencing sea-level rise. The results of this study have
improved our understanding of the processes that govern the C cycling in tidal freshwater
forest wetlands (Lovelock and Duarte 2019), and further supporting the incorporation of tidal
freshwater forest wetlands for conservation and rehabilitation as a complementary strategy to
minimise N inputs to waterways and estimate the C releases caused by deforestation and

degradation (Adame et al. 2019). In addition, results of this research will facilitate a more
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comprehensive understanding of soil biogeochemistry of a gradient from landward to
seaward in the GBR, therefore provide sound management for wetland ecosystems in

response to global change, such as sea level rise or nutrient leaching from land use.

5. Conclusions

Our results have demonstrated that the surface organic C stock and nutrient dynamics
varied among different vegetation types. Melaleuca wetlands in the Insulator Creek of
Northeast Queensland store large amount of soil C. Compared with that in mangroves, marsh
wetlands and sugarcane plantation, the highest organic C stock in tidal freshwater forest
wetlands was probably due to the high organic material inputs and high nutrient content
available for plant utilization. Our results have confirmed that resource stoichiometry
governed the organic C stock, while soil enzyme activities modified by environmental
conditions also contributed to the shift in nutrient dynamics and organic C stock. These
results have improved our understanding of the biogeochemical processes that govern the C
cycling in tidal freshwater forest wetlands, which has significant implications on improving

planning and management of the coastal wetland ecosystems.
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Fig. 1 Pearson’s correlations between soil physical, chemical and biological properties (n =

18 for all properties). The colour of circles corresponds to the direction of correlations.

2

Positive correlations are shown in blue, while negative correlations in red. ‘*’ indicates

significant correlation at p < 0.05; ** p <0.01; *** p < 0.001. EC = electrical conductivity; C
= carbon; N = nitrogen; P = phosphorus; Biomass C = microbial biomass C; Biomass N =
microbial biomass N; Biomass P = microbial biomass P; BG = f(-1,4-glucosidase activity;
CHIN = AP = acid phosphatase activity.

chitinase activity;
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Fig. 2 The relationships between microbial biomass C:P ratio and total C:P ratio (a),

microbial biomass N:P and total N:P ratio (b). Dash line represent the fitted linear regression

curve. The slope of each regression curve is parameterised by a in the legend.
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Fig. 3 Principal component analysis (PCA) scores of the (a) PC1x PC2 biplot, and (b) PC1x PC3 biplot of soil physical, chemical and biological
properties. EC = electrical conductivity; C = carbon; N = nitrogen; P = phosphorus; MBC = microbial biomass C; MBN = microbial biomass N;
MBP = microbial biomass P; BG = [-1,4-glucosidase activity; CHIN = chitinase activity; AP = acid phosphatase activity. Soil samples were
obtained in August in 2016 and June in 2018.
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681  Fig. 4 Path analysis results on the direct and indirect effects of 5 latent variables on soil organic C stock. Numbers show the path coefficients.

682  Dashed path indicates the effect is insignificant. See Fig. 4 for the indicators for the five latent variables. * p < 0.05; ** p <0.01; *** p <0.001.
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Fig. 5 Relationships between soil properties and organic C stock (a) and resource ratios and

organic C stock (b). Score is the value if the latent variables belonging to each site derived

from path analysis model. Line represent the fitted linear regression curve between the scores

and measured organic C stock. Soils from the tidal freshwater forest wetlands and sugarcane

sites are indicated in cyan and dark-blue dash line (a), soil samples in total are indicated in

dark solid line (b). Total indicates samples collected across the four sampling sites.
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Table 1 Results of repeated measures ANOVA for testing the effects of the vegetation type,

sampling time and their interactions effect on the soil (0-30 cm) parameters.

Soil parameters Vegetation type Time Vegetation type x Time
F (.15 value F (1,15) value F (.15 value
Bulk density 6.15™ 0.05 0.22
pH 19.44™" 3.38 1.81
EC 106.31" 0.08 1.92
Moisture 17.95™ 0.37 0.35
Organic C stock 8.59™ 0.12 0.05
Organic C 10.74™" 0.01 0.11
Total N 5.41™ 1.07 1.06
Total P 6.40" 10.61" 0.59
NH4"-N 9.14™ 1.26 1.53
NO;-N 5.44™ 0.17 2.05
Olsen P 56.27"" 4.16 6.00""
MBC 0.96 6.36" 3.23
MBN 0.94 0.64 14.20™"
MBP 222 0.15 3.30°
BG 47.80""" 30.97" 3.66"
CHIN 27.21°" 2.29 7.28"
AP 27.10"" 3.91 5.85"

The four vegetation types were (1) Mangroves, (2) Marsh, (3) Melaleuca and (4) Sugarcane.
The time represents the sampling time (1) Aug-2016 and (2) Jun-2018. The number in bold
illustrates significant differences at p < 0.05. EC = electrical conductivity; Organic C = soil
total organic carbon; Total N = soil total nitrogen; Total P = soil total phosphorus; MBC =
microbial biomass carbon; MBN = microbial biomass nitrogen; MBP = microbial biomass
phosphorus; BG = f-1,4-glucosidase activity; CHIN = chitinase activity; AP = acid
phosphatase activity. Significance levels: * p <0.05, ** p <0.01, ***p < 0.001.
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Table 2 Physical, chemical and biological parameters of soils (0-30 cm) under four

vegetation types (mean =+ sd, over two sampling times).

Soil parameters Vegetation type
Mangroves Marsh Melaleuca Sugarcane

n=6 n==6 n=12 n==6
Organic C stock
(0-30 cm) (kg m™) 53+1.1B  6.9+4.6B 132+74A  5.1+02B
pH (water) 54+09A  53+03A 41+04B  48+03A
EC (uS cml) 2033+ 621A 1613 +334A 239+ 104B  75.6+48.1A
Moisture (%) 492+40A 541+12.8A  359+205A 14.1+18B
Bulkdensity (gem™) 11058 12402AB  L1402B 134024
Organic C (mg g 1634528 192+ 142B  43.8+294A 13.4+2.8B
Total N (mg g) 093£0.38B 22+14AB  3.1+21A  12+04AB
Total P (mg g™) 0.21+£0.06B 0.27+0.13AB  0.66 +0.49A  0.30 = 0.02AB
NH,™-N (mg kg™!) 44+03C  85+16A  82+34AB  4.6+0.6BC
NOs-N (mg kg™ 3.1+ 1.0AB 1.0+ 1.8B 53+33A  49+11AB
Olsen P (mg kg™ 168+1.0A 17.1+11A  140+08B  84=0.5C
MBC (mg kg™) 331+£61.1A  335+230A  269+£202A 328+ 142A
MBN (mg kg™ 297+29A  667+437A  247+122A 243 +7.6A
MBP (mg kg™ 9.5£21A  10.6+50A  108+7.5A 169+22A
BG (mgkg dwth™) 4o 1115 41+10C 69.4+272A 9.1+0.5B
CHIN (mg kg™ dWth™) 107, 5 4BC 112414.1C 2614824  122+55B
AP(mgkg' dwth™) 135, 395 347103378 4744 196A 243 121B

Means within a row followed by the same letter indicate insignificant difference at p < 0.05

within vegetation type effect by Tukey’s HSD analysis. EC = electrical conductivity; Organic

C = soil total organic carbon; Total N = soil total nitrogen; Total P = soil total phosphorus;

MBC = microbial biomass carbon; MBN = microbial biomass nitrogen, MBP = microbial

biomass phosphorus; BG = -1,4-glucosidase activity; CHIN = chitinase activity; AP = acid

phosphatase activity.
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Table 3 Results of repeated measures ANOVA for testing the effects of the vegetation type,

sampling time and their interactions effect on the soil (0-30 cm) stoichiometry properties.

Time
F (115 value

Vegetation type x Time
F (.15 value

Soil parameters Vegetation type
F (.15 value
Total C:N ratio 3.16
Total C:P ratio 1.21
Total N:P ratio 0.27
Inorganic N:Olsen P 16.06™"
Microbial biomass C:N ratio 0.55
Microbial biomass C:P ratio 3.49°
Microbial biomass N:P ratio 1.38
BG:CHIN 0.47
BG:AP 7.62""
CHIN:AP 7.09*

14.44"
11.99™
7.87"
1.02
10.51™
5.79°
0.04
16.42™
5.37"
3.48

5.84"
1.16
5.73"
2.16
14.44™
1.21
3.69°
4.89°
7.50""
0.52

Significance levels: * p < 0.05, ** p <0.01, ***p <0.001.
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Table 4 Stoichiometry of carbon (C), nitrogen (N) and phosphorus (P) (molar ratio) in

wetland soils under four vegetation types (mean + sd, over across two sampling times).

Soil parameters Vegetation type

Mangroves Marsh Melaleuca Sugarcane

(n=06) (n=06) (n=12) (n=06)

Total C:N ratio 21.1 £2.6A 11.0£3.5C 179+ 45AB 140+ 14B
Total C:P ratio 202 £ 33A 197 £ 106A 180 £49.5A 114+ 17A
Total N:P ratio 9.8+2.7A 17.6 + 6.4A 10.8 + 4.0A 8.4 +2.0A
Inorganic N:Olsen P 0.45+0.09C 0.56+0.21BC 0.96+0.26B 1.10+0.01A
Microbial biomass C:N ratio 13.1 £ 2.5A 6.2+1.7A 12.0£5.3A 19.8 £ 12.9A
Microbial biomass C:P ratio 91.7 + 12.4A  76.8£22.9A  64.0+ 10.8AB 49.0 + 15.5B
Microbial biomass N:P ratio 7.1 £1.2A 13.0+£45A 65+32A 33+ 14A
BG:CHIN 1.3+ 0.9A 1.3+1.2A 2.8+0.8A 1.0 £ 0.5A
BG:AP 0.10£0.05A 0.04+0.04B 0.16+0.08A 0.04 £0.01B
CHIN:AP 0.08 £0.03A 0.03+0.01B 0.06+0.04AB 0.05+ 0.02B

Means within a row followed by the same letter indicate insignificant difference at p < 0.05
within vegetation type effect by Tukey’s HSD analysis. BG:CHIN = the ratio of BG to CHIN;
BG:AP = the ratio of BG to AP; CHIN:AP = the ratio of CHIN to AP.
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720

721  Table 5. Correlation coefficient (loading score) between each latent variable and its blocks of

722  observed variables

Latent variable Observed variable Loading score Latent variable Observed variable Loading score

Abiotic properties Microbial biomass ratios
pH 0.75 MBCN 0.18
EC 0.43 MBCP 0.81
Moisture 0.26 MBNP 0.95
NH4"-N 0.30 Enzymatic ratios
NO;-N 0.35 BG:CHIN 0.48
Olsen P 0.12 BG:AP 0.97
Total P 0.91 CHIN:AP 0.46
Total N 0.67 Resource ratios

Biotic properties Total C:P 0.96
MBC 0.88 Total N:P 0.91
MBN 0.80 IN:Olsen P 0.41
MBP 0.60
BG 0.87
CHIN 0.79
AP 0.97

723  MBC = microbial biomass C; MBN = microbial biomass N; MBP = microbial biomass P; BG
724 = [-1,4-glucosidase activity; CHIN = chitinase activity; AP = acid phosphatase activity;
725  MBCN = the ratio of MBC to MBN; MBCP = the ratio of MBC to MBP; MBNP = the ratio
726  of MBN to MBP; BG:CHIN = the ratio of BG to CHIN; BG:AP = the ratio of BG to AP;
727  CHIN:AP = the ratio of CHIN to AP; IN:Olsen P = the ratio of inorganic N to Olsen P.
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